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Land-atmosphere interactions play an important role in modulating the hydroclimate of 
Southeastern South America (SESA). While climate variability and extreme events impact surface 
hydrology, the land surface of the region influences evapotranspiration, groundwater table depth, 
near-surface soil moisture and surface runoff. These surface conditions in turn affect the overlying 
atmosphere and precipitation. Understanding the hydrologic cycle, and its drivers at a regional 
scale are of particular interest as they are the key in assessing hydrometeorological consequences 
associated with climate and land surface variability. 
Past satellite studies have revealed thunderstorms that develop near the Andes Cordillera, 
and close to a smaller mountain range to the east (Sierras de C?́?rdoba), are some of the world’s 
deepest and most intense. This region of SESA features repeated days of deep convective events 
that have been linked to large hail, severe weather and flash flooding. The Remote sensing of 
Electrification, Lightning, And Mesoscale/microscale Processes with Adaptive Ground 
Observations (RELAMPAGO) campaign was aimed at understanding the processes of convective 
initiation, intensification, upscale growth, and storm propagation as well as the interaction between 
the subsurface, land and atmosphere in this region.  
The first part of this dissertation aims to characterize extreme hydrometeorological events 
and develop a modeling framework for streamflow hindcast and forecast, leveraging 
RELAMPAGO observations. Hydrological streamflow and meteorological observations in the 
previously ungauged mountainous basins of the Sierras de C?́?rdoba were performed to construct 
the stage-discharge curves in three basins and assess the suitability of satellite-based rainfall 
products. The critical findings from the observations were following: 1) flood response time in the 
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river locations were found to be 5-6 hours, 2) satellite observed rainfall estimate Integrated Multi-
satellite Retrievals for Global Precipitation Measurement-Final (IMERG-Final) performed better 
than other near-real-time products IMERG-Early and IMERG-Late, when compared with rain 
gauge estimates. The modeling component used the Weather Research and Forecasting (WRF) 
atmospheric model and its hydrologic component WRF-Hydro to create realistic hindcasts, 
deterministic forecasts, and a 60-member ensemble forecasts at sub-daily scale. The results of the 
modeling component demonstrated that streamflow simulations with regional-scale atmospheric 
data assimilation improved the accuracy of the forecasts. Findings from this part are being used by 
water managers in the region.   
The second part of this dissertation examines the connections between land use and 
surface-subsurface hydrology in the flat agricultural regions of SESA. Since the 1970s, there has 
been a dramatic expansion of annual crops in SESA as natural grasses and alfalfa pastures have 
been converted to soy, corn and other annual crops. RELAMPAGO observations over a soy site 
and an experimental alfalfa site in Marcos Juarez, Argentina reveal that soy has lower 
evapotranspiration and specific humidity, higher sensible heat, higher outgoing shortwave 
radiation and soil temperature compared to alfalfa. Additionally, the water table is shallower below 
soy. The Noah-MP land surface model was calibrated for the soy and alfalfa sites in Marcos Juarez. 
Long-term point-scale idealized Noah-MP simulations over soy and alfalfa revealed that 
evapotranspiration is the dominant component of the water budget (95% of precipitation) in alfalfa. 
In contrast, soy has a significant amount of recharge (28%) and runoff (4%) with reduced 
evapotranspiration (68%). This indicates the potential contribution of land use change in the 
observed increasing trend in streamflow and decreasing trend in water table depth. Results from 
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this part of the study have implications for increased tendency of inland flooding and increasing 
streamflow due to agricultural expansion in SESA.      
The third part investigates the impacts of the above described land use change on the 
atmosphere. Regional simulations with the Noah-MP land surface model, both uncoupled and 
coupled to the atmospheric model WRF, were performed with idealized soy (representing current) 
and idealized alfalfa (representing historic) conditions (SOY and ALFALFA, respectively) in 
SESA. The uncoupled simulations suggested that a significant part of SESA has warmer (higher 
sensible heat) and drier (less latent heat) springs in the SOY scenario. Additionally, a domain-wide 
increase in soil moisture was found in the SOY scenario due to shallower water table. Coupled 
simulations indicate higher near-surface temperature, lower humidity, and reduced net radiation 
under SOY condition. Additional high-resolution ensemble WRF simulations were performed to 
simulate three extreme hydrometeorological events during the Spring of 2018. The storms were 
significantly larger and produced heavier precipitation under SOY conditions, highlighting the 
potential of land use changes to modify organized deep convective storms and extreme 
precipitation in SESA. The results from this part have implications for understanding the potential 
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CHAPTER 1: INTRODUCTION 
 
1.1 Motivation 
    Satellite observations suggest that thunderstorms in Southeastern South America (SESA) are 
among the most intense and deepest in the world (Zipser et al. 2006).  These are often accompanied 
by extreme hail (Bruick et al. 2019), lighting activity (Rasmussen et al. 2014) and flooding 
(Rasmussen et al. 2016a). In SESA, thunderstorm-generated severe weather impacts a largely 
urban population of 45 million people, yet the thunderstorm-generated rainfall is important for 
agricultural production, which is one of the country’s economic pillars (Trapp et al. 2020). Limited 
knowledge about these deep convective storms initiating near the Sierras de Córdoba (SDC) 
mountain range in Argentina, motivated the Remote sensing of Electrification, Lightning, And 
Mesoscale/microscale Processes with Adaptive Ground Observations (RELAMPAGO, 
https://www.eol.ucar.edu/field_projects/relampago) field campaign, funded primarily by the 
National Science Foundation (Nesbitt et al. 2016). The intensive observation period (IOP) was 
conducted from 1 November to 16 December 2018 and the extended hydrometeorological 
observation period (EHOP) was conducted from 1 June 2018 to 30 April 2019. The RELAMPAGO 
campaign had several foci including convective initiation, upscale growth, severe weather, 
microphysics, electrification and hydrometeorology. This dissertation is based on the 
hydrometeorology part whose main objectives were 1) to perform hydrological streamflow and 
meteorological observations in previously ungauged basins 2) to obtain eddy covariance 
measurements over the Carcarañá river basin [a part of La Plata basin (LPB)] of SESA, which 
includes diverse topography and vegetation characteristics. In addition, the project aimed to 
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advance the modeling of the hydrologic impacts of the deep convective storms, which has had 
comparatively little attention in the literature (Colautti 2007).  
    Land-Atmosphere (L-A) interactions have been proven to be critical for understanding the Earth 
system and its complete functioning (Pielke 2005; Suni et al. 2015; Santanello et al. 2018). While 
the impacts of the atmosphere on land is crucial in terms of extreme precipitation and flash 
flooding, feedback from land to the atmosphere can eventually modify the weather and climate. 
Critically, surface-atmosphere interactions occur at the L-A interface where humans inhabit, and 
the changes are dynamic depending on population growth and the interactions between humans 
and their landscape. It is important to understand both the hydrometeorology and hydroclimatology 
to explore the full spatiotemporal domain of coupled Earth systems and L-A interactions. 
Hydrometeorology (shorter time scale) differs from hydroclimatology (longer time scale) in much 
the same way that meteorology differs from climatology (Shuttleworth 2012).  
    Partitioning of available energy between latent heat (LH) and sensible heat (SH) can exert a 
significant impact on the overlying atmosphere (Pitman 2003). LH supplies water vapor to the 
atmosphere and SH is directly related to the surface temperature. Changes in land use or changes 
in vegetation are linked to the changes in albedo, leaf area index (LAI), root dept and distribution, 
and aerodynamic roughness, all of which may lead to changes in partitioning of net radiation 
(Cunnington and Rowntree 1986; Sud et al. 1988; Chase et al. 1996; Zeng et al. 1998) and in turn, 
precipitation. Albedo controls the absorption of shortwave radiation affecting the net radiation, 
temperature, and evaporative demand (Laval 1986; Charney 1977). Changes in roughness length 
alter water vapor convergence and related rainfall. LAI is directly related to canopy shading, which 
alters net radiation and evapotranspiration (ET). These modulate the soil wetness and precipitation. 
Changes in root depth modify the water uptake by plants, and hence, transpiration, canopy 
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temperature and atmospheric water vapor are altered. However, accurate estimates of changes in 
the energy fluxes and precipitation due to the changes in land surface remain complex, due to 
simultaneous change in multiple parameters and several non-linear feedbacks (Meehl and Tebaldi 
2004). On the other hand, realistic future climate projections require accurate land surface 
feedback estimates (Dirmeyer et al. 2006). Therefore, understanding and quantifying the impacts 
of land use and land cover change is now critical.      
    SESA is a “hot spot” for L-A interactions over South America. Several studies have found a 
positive and substantial feedback between soil moisture and precipitation in this region (Saulo et 
al. 2010; Zeng et al. 2010; Sörensson and Menéndez 2011; Ruscica et al. 2015; Spennemann and 
Saulo 2015; Yang and Dominguez 2019). Furthermore, land use has significantly changed in 
SESA in the past 50 years. Annual crops, mainly soy, have largely replaced natural pastures and 
alfalfa since the 1970s. These recent anthropogenic land use changes (LUC) have had a significant 
impact on groundwater and soil moisture, and subsequently, on convection and the life cycle of 
deep convective storms by modifying the energy fluxes at the surface (Doyle et al. 2013).  
However, the exact pathways by which LUC modifies the surface conditions, including surface 
and subsurface hydrology, and modulates the convective storms remains an active area of research. 
Critically, land surface conditions can affect precipitation, the hydrologic response of the basin to 
precipitation, and the probability of flooding. This study aims to upgrade the understanding of this 
region’s hydroclimatology and provide insight into specific pathways of surface-atmosphere 
interactions.  
    This study has two separate but complementary goals: The first goal is to better understand and 
represent the hydrologic response to extreme precipitation events in the region. The second goal 
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is to provide insights into the specific pathways by which land use change has affected the 
subsurface, surface and atmospheric branches of the hydrologic cycle in this region. 
    In Chapter 2 of this dissertation, the RELAMPAGO field campaign is discussed in detail, 
especially the activities of the hydrometeorology group. A system for river streamflow hindcast, 
deterministic forecast, and a 60-member ensemble forecast initialized with regional-scale 
atmospheric data assimilation is developed. Chapter 3 reveals the importance of land use change 
in modulating the dynamics of water table and surface runoff in an agricultural region of central 
Argentina. Chapter 4 explores the atmospheric impacts of land use change, specifically focusing 
on the changes in mesoscale convective systems (MCSs) associated to large-scale land use change. 
 
1.2 Science questions  
    The overarching goal of this dissertation is to provide insights into different aspects of 
hydrometeorology and hydroclimatology of SESA leveraging the observations from 
RELAMPAGO and high-resolution numerical models. We address three key questions in the next 
three chapters related to the hydrometeorology (Q1) and hydroclimatology (Q2 and Q3) of SESA: 
    Q1. Can we realistically represent the hydrologic response of an extreme rainfall event in the 
headwaters of Carcarañá river basin and how can we improve the forecasting capability of such an 
event? 
    Q2. What are the impacts of land use change on subsurface, surface and atmospheric branches 
of the hydrologic cycle at a location of central Argentina? 
    Q3. What are the impacts of land use change on the regional hydroclimate of SESA? How are 




1.3 Scientific contribution 
    As a part of the RELAMPAGO hydrometeorology team, I created the first distributed 
hydrometeorological modeling framework in the headwaters of the Carcarañá watershed (Chapter 
1). This was the first study to observe and model the flash flood response in the rivers of this 
region. The results were published in Pal et al. 2021a. Water managers of the region were also 
benefited from the results. Using a combination of RELAMPAGO observations and modeling I 
linked the water table and streamflow dynamics of the past 50 years in Marcos Juarez, Argentina 
with the land use change in this region (Chapter 2). The results revealed the dramatic differences 
in water and energy balance associated with the current annual crop land use when compared to 
the historical conditions of pastures and grasses. In addition, I found evidence that MCSs are larger 
and have higher peak precipitation in present land use conditions when compared to historical 
conditions (Chapter 3). To our knowledge, this is the first study to suggest that land use change 
from perennial to annual crops can potentially result in larger and more intense mesoscale 
convective systems in the region. Furthermore, this is likely contributing to the observed increasing 
trend in extreme precipitation in this region.  
                    








CHAPTER 2: HYDROMETEOROLOGICAL OBSERVATIONS AND MODELING OF 
AN EXTREME RAINFALL EVENT USING WRF AND WRF-HYDRO DURING THE 
RELAMPAGO FIELD CAMPAIGN IN ARGENTINA1 
 
    Some of the most intense convective storms on earth initiate near the SDC mountain range in 
Argentina. The goal of the RELAMPAGO field campaign was to observe these intense convective 
storms and their associated impacts. The IOP occurred during November-December 2018. The 
two goals of the hydrometeorological component of RELAMPAGO IOP were 1) to perform 
hydrological streamflow and meteorological observations in previously ungauged basins, and (2) 
to build a hydrometeorological modeling system for hindcast and forecast applications. During the 
IOP, our team was able to construct the stage-discharge curves in three basins, as hydrological 
instrumentation and personnel were successfully deployed based on RELAMPAGO weather 
forecasts. We found that the flood response time in these river locations is typically between 5-6 
hours from the peak of the rain event. Satellite observed rainfall product IMERG-Final showed a 
better representation of rain gauge estimated precipitation, while IMERG-Early and IMERG-Late 
had a significant positive bias. The modeling component focuses on the 48-h simulation of an 
extreme hydrometeorological event that occurred on November 27, 2018. Using the Weather 
Research and Forecasting (WRF) atmospheric model and its hydrologic component WRF-Hydro 
as an uncoupled hydrologic model, we developed a system for hindcast, deterministic forecast and 
a 60-member ensemble forecast initialized with regional-scale atmospheric data assimilation. 
Critically, our results highlight that streamflow simulations using ensemble forecasting with data 
 
1 This chapter contains text and figures from Pal et al. 2021, Journal of Hydrometeorology, 22(2), 331-351. © 
Copyright 2021 American Meteorological Society (AMS) 
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assimilation provide realistic flash flood forecasts in terms of timing and magnitude of the peak. 
Our findings from this work are being used by the water managers in the region. 
2.1 Introduction 
    Some of the world’s deepest and largest convective storms develop at the foothills of the SDC- 
a 2000-m north-south mountain range, east of the Andes, located in central Argentina (Zipser et 
al. 2006). These intense and frequent convective storms organize into MCSs and then travel toward 
the eastern part of Argentina (Salio et al. 2002; Salio et al. 2007; Rasmussen and Houze 2011; 
Rasmussen et al. 2014; Vidal 2014; Mulholland et al. 2018) affecting the Carcarañá River basin, 
a sub-basin of La Plata basin. As such, the mountainous headwater region of this basin (Figure 
2.1) is ideally suited to perform hydrometeorological studies of convection and flash flooding. To 
measure these intense convective storms and associated impacts, the RELAMPAGO field 
campaign took place in west central Argentina in the general vicinity of the SDC near the city of 
Córdoba and the Andes foothills near the city of Mendoza. The project consisted of an EHOP from 
1 June 2018 - 30 April 2019 and an IOP from 1 November - 16 December 2018. Here we focus on 
results from the IOP. The overarching objectives of the RELAMPAGO project were to 1) 
characterize the pre-convective and convective environments; 2) characterize thermodynamic and 
microphysical properties of clouds and precipitation, convective outflow, lightning and hail events; 
and 3) observe hydrometeorological interactions with convective systems (Nesbitt et al. 2016). 
The occurrence of convective events in this region is linked to the strengthening of topographically 
guided South American Low-Level Jet (SALLJ), which brings moist air poleward, and strong 
convection is formed at the exit region controlled primarily by diabatic effects. Convective storms 
produce most of the austral summer precipitation in the LPB (Rasmussen et al. 2016). This study 




Figure 2.1 (a) Location of Rio Tercero basin and Sierras de Córdoba mountain range in Argentina. (b) Elevation, 
drainage network, and locations of streamflow measurement (Santa Rosa de Calamuchita, Quillinzo, and La Cruz) in 
the basin. (c) Land cover classification and dam locations in the basin. (d) Soil texture classification at 20-arc-s 
resolution obtained from CIRSA-INA. 
 
MCS event that occurred during RELAMPAGO. This event, which took place on 27 November 
2018, was one of the most extreme hydrometeorological events observed during the IOP. Based 
on records of inflow water volume in Rio Tercero Dam (Figure 2.1c), this event had a return period 
of 1 in 25 years. 
    Extreme rainfall events and associated flooding are some of the most pervasive weather-related 
natural hazards, having the potential to damage civil infrastructure, vegetation, animal and human 
life globally (Noji and Lee 2005; Adikari and Yoshitani 2009). Flash floods, in particular, remain 
a severe threat to the society (French et al. 1983; Ashley and Ashley 2008; Rozalis et al. 2010; Tao 
et al. 2016). Flash floods are fast flow response events with short time-to-peaks of few hours 
(Georgakakos and Hudlow 1984; Tao and Barros 2013). This type of hydrometeorological 
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phenomena typically occurs in small streams of mountainous regions with sheer slopes and small 
catchment areas. High streamflow occurs shortly after extreme rainfall events associated with short 
deep convective storms with high rainfall intensity (Gruntfest and Huber 1991; Broxton et al. 
2014). Factors affecting flash flood are 1) characteristics of rain (intensity, duration, amount and 
time-space distribution) and 2) hydrological properties of the basin (area, length, slope, antecedent 
conditions, type of soil and land use). Flash flood prediction at a sub-daily scale remains a 
challenge in poorly gauged and remote basins, especially in mountainous regions (Reed et al. 2007; 
Norbiato et al. 2008; Band et al. 2012; Tao and Barros 2013).  
    The headwaters of the Carcarañá river are prone to flash flooding events. The most devastating 
recorded flood event occurred in March of 1919, as several towns were flooded causing economic 
losses in farmlands, and damages to civil infrastructure such as bridges, houses and roads 
(https://www.eldiariodelcentrodelpais.com/2018/03/11/inundacion-de-1919/). Important flooding 
events also occurred in January 1981 and November 1993 (Colautti 2007). More recently, a chain 
of events in February 2014 affected the entire basin, ranking among the 7 most devastating flood 
events in the province of Córdoba in the past 100 years 
(https://www.eldiariodelcentrodelpais.com/2018/03/11/inundacion-de-1919/). However, there is 
no quantitative hydrometeorological record of these events due to a lack of long-term observations. 
    This is the first study to analyze the flash flood response in the complex terrain of Córdoba, 
Argentina resulting from some of the most intense storms on Earth. While severe convection in 
the region has been highlighted in past literature (Saulo et al. 2004; Saulo et al. 2007; Rasmussen 
et al. 2016b), flash floods resulting from these storms have not been previously analyzed, and the 
community is lacking a forecasting framework to generate a reliable flood warning system. Prior 
to this project, there were no streamflow observations in the headwaters of the catchment, despite 
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the societal and economic impacts of flash flooding in the region.  The large-scale RELAMPAGO 
field campaign brought together hydrologists and atmospheric scientists to observe specific 
extreme convective events and their associated hydrologic impacts.  
    Within the scope of the RELAMPAGO IOP, the hydrometeorology group performed the first 
streamflow measurements in the headwaters of the basin using acoustic Doppler current profiler 
(ADCP) and large-scale particle image velocimetry (LSPIV). The group measured the hydrologic 
response of three severe high flow events during the IOP. The main objectives of the 
hydrometeorological observations were to 1) to quantify the hydrological response associated with 
the extreme convective events simultaneously measured by the larger RELAMPAGO team, 2) to 
build suitable stage-discharge curves for the headwater rivers that could be used by hydrologists 
and water resource managing community once the IOP ended, and 3) to use the observations to 
develop a process-based hydrological model to realistically capture the hydrologic response and 
eventually use it for forecasting. 
    Previous studies have shown that minimally calibrated, physics-based models perform well in 
different geographic regions across the globe and can be useful over ungauged areas (Michaud and 
Sorooshian 1994; Lange et al. 2000; Sivapalan et al. 2003; Smith et al. 2012). These types of 
flexible models can be robust in the sense that the output and forecasts from the model remain 
consistent, even when one or more of the input variables or assumptions are drastically changed 
due to unforeseen circumstances. Also, these could be employed in various watersheds, bypassing 
the need of extensive calibration over long periods. This is useful where a long-term streamflow 
record is unavailable. A physics-based and fully distributed hydrologic modeling approach is also 
useful in flood-prone watersheds, to evaluate the flood predictability and possible hydrologic 
response in a changing climate (Moore and Clarke 1981; Clark et al. 2008; Fenicia et al. 2011). 
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For this study, we use the WRF-Hydro modeling system as an uncoupled (i.e. driven by 
independent meteorological forcing), distributed hydrologic model over the basin to assess its 
capability in a flash flood hindcast and forecasting framework. WRF-Hydro is currently the 
underlying framework for the National Water Model of the United States and has previously been 
used as a coupled and uncoupled hydrologic model for streamflow forecasting over different 
watersheds around the globe (Yucel et al. 2015; Senatore et al. 2015; Lin et al. 2018b; Fersch et 
al. 2020; Senatore et al. 2020). Recently, WRF-Hydro has been used for flash flood prediction in 
the United States [Gochis et al. (2015) in Colorado Front Range, Lin et al. (2018a) in Texas, 
Viterbo et al. (2020) in Maryland] and other regions worldwide [Ryu et al. (2017) in the Korean 
Peninsula and Varlas et al. (2019) in Greece].  Flash floods in the headwaters of the Carcarañá 
affect riverine communities and the larger region in terms of water resource management including 
operations of three major dams (Figure 2.1c). Hence, a suitable hydrometeorological forecasting 
system is necessary in this region. The goals for the hydrometeorological modeling component 
were 1) to simulate a realistic hydrologic response for the headwater basins of the Carcarañá, 2) to 
provide a methodology to realistically hindcast and forecast extreme hydrometeorological events 
in the region, and 3) to investigate the added value of an advanced regional atmospheric data 
assimilation technique on hydrologic prediction. 
    This research provides an observation and modeling-based study of a hydrometeorological flash 
flood event caused by a severe convective storm during the early morning of 27 November 2018 
in the Rio Tercero headwater sub-basin of the Carcarañá watershed. It is organized as follows: in 
section 2.2, the principal characteristics of the region and the observed data is presented. The model 
specifications, statistical methods and the experimental design is also discussed in this section. In 
section 2.3, the results are discussed, and finally, in section 2.4, the conclusions are summarized. 
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2.2 Data and methods 
2.2.1 Study region and its characteristics 
    Our study region is the Rio Tercero river basin, in the northern headwaters of the Carcarañá 
Basin (3184 km2; Figure 2.1a) in Argentina, it ranges in elevation from 371 m to 2593 m (Figure 
2.1b). This basin drains east from the SDC mountain range, toward the plains. The streamflow 
measurement locations are Santa Rosa de Calamuchita (32.06oS, 64.55oW); Quillinzo (32.28oS, 
64.53oW) and La Cruz (32.29oS, 64.48oW) (Figure 2.1b). Spatial variations in climatic conditions 
resulting from elevation gradients lead to different vegetation types in this watershed. Figure 2.1c 
depicts the wide range of ecosystems in the region including mixed shrubland/grassland, croplands 
and sparsely vegetated regions. Figure 2.1d illustrates the surface soil texture classification with 
dominant soil classes as loamy sand and sandy loam, followed by silt loam and loam. Both 
vegetation and soil map are obtained from Instituto Nacional de Tecnología Agropecuaria (INTA). 
The climate is semiarid with mean annual precipitation ranging between 500 and 700 mm, of which 
more than 50% falls during summer (December-February). MCSs play an important role in 
extreme precipitation in this river basin. Analysis of Tropical Rainfall Measuring Mission (TRMM 
2011) data over the period 2000-09 using the methodology of Rasmussen et al. (2016a), reveals 
that around 46% of September-February extreme rainfall (over 99 percentile) over the larger 
Carcarañá watershed comes from MCS events (Figure 2.2). Given that this headwater region is 
critical for tourism and electricity supply through hydroelectric power, it is necessary to analyze 
and model these extreme events.  
2.2.2 Observed data 
2.2.2.1 Observations from RELAMPAGO 




Figure 2.2 Importance of MCS events in extreme precipitation in the watershed (precipitation climatology analyzed 
with TRMM data over the period 2000-09. 
 
    Precipitation and streamflow data were collected during the RELAMPAGO project. 
Precipitation data from 13 rain gauges [nine of them maintained by Ministerio de Agricultura y 
Ganaderia from the Córdoba Province or MAGYA and four from National Center for Atmospheric 
Research (NCAR) Research Application Laboratory (RAL)] were available during the IOP (see 
Figure A.1 in APPENDIX: SUPPLEMENTARY MATERIALS for locations). To obtain 
continuous stage data in the rivers, the Ministerio de Servicios Públicos from the Córdoba Province 
installed three Bertschi 26G RD92 radar sensors within the Tercero Basin with a profiling range 
between 0.5 and 30 m and a measuring accuracy of ± 3mm (manufacturer specified nominal 
accuracy; actual uncertainties could be higher due to water surface fluctuations induced mainly by 
turbulence). The measurement interval was set at 10 min. The advantage of using radars is that the 
signal is generally immune to weather conditions, such as snow and rain (Sauer and Turnipseed 
2010). These sensors remain installed even after the RELAMPAGO campaign, ensuring continuity 
of the measurements. 
    In low flow conditions, we used YSI/SonTek RiverSurveyor S5 3-MHz ADCP with four beam 
Janus configurations (similar to Herrero et al. 2018) to measure streamflow in the three rivers. An 
ADCP is a hydro-acoustic current meter used to measure water current velocities over a depth 
range, using the Doppler effect of sound waves scattered back from particles within the water 
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column. The cell size is selected automatically from 0.02 to 0.5 m according to the water velocity 
and depth (Herrero et al. 2018). Following the methods of Mueller et al. (2013), a minimum of 
four transects (>12 min of measurement) were made in each cross section of each tributary to 
obtain mean discharge data. ADCP is the most accurate, recognized, and applied velocimetry 
technique in river and channels.     
        During high-flow conditions, due to the sudden nature of flash floods in the mountainous 
rivers of the province, flow velocities and floating river debris endanger the ADCP instruments 
and operators. Members of our team have been working with the U.S. Geological Survey (USGS) 
to improve the LSPIV techniques used in high-flow cases (Patalano et al. 2017). LSPIV has been 
used for water-surface velocity estimation and discharge measurements in rivers (Muste et al. 
2008; Le Coz et al. 2014; Patalano et al. 2017). The method uses results from image-velocity 
processing by solving the homography matrix that is the reduced form of the camera matrix 
assuming that all control points and the free surface are in the same plane [see Patalano et al. 
(2017) for detailed methodology]. When compared to the accurate measurements of ADCP, the 
errors with LSPIV were found to range between 5 and 10%. One reason for these errors was likely 
the conversion of surface discharge (measured) to actual discharge using a conversion factor. 
    We measured streamflow at the three locations shown in Figure 2.1b to create the stage-
discharge curves in these rivers and have continuous streamflow measurement (from stage values) 
thereafter.  Furthermore, with the knowledge of the flows in these three rivers, total water coming 
into the Rio Tercero Dam (Figure 2.1c) can be estimated for water management purposes. 
    During the RELAMPAGO IOP, daily weather forecasts allowed the hydrometeorology team 
enough time to deploy instrumentation and personnel to the basins with the highest probability of 




Figure 2.3 Stage-discharge curves constructed in the three river locations Santa Rosa de Calamuchita, Quillinzo, and 
La Cruz during the RELAMPAGO field campaign. Empirical equations of the curves are also indicated where H = 
stage measured (m), H0 = water level for zero discharge (m), and Q = discharge (m3 s−1). 
 
remote stream gauging station, our team prepared for an overnight stay closer to the station because 
we would not have enough time to deploy if we remained in the operations center. In this way, we 
were able to construct the stage-discharge curves (Figure 2.3) for the three basins during the IOP, 
despite the rapid response time in these rivers. 
2.2.2.2 Remote sensing products (IMERG) 
    The Integrated Multi-satellite Retrievals for Global Precipitation Measurement (IMERG) 
products provide quasi-global (60°N-60°S) precipitation estimates of passive microwave (PMW) 
and infrared (IR) satellites of the GPM constellation. These are level-3, 30-min gridded 
precipitation products at 0.1° × 0.1° and calibrated by gauge analysis of the Global Precipitation 
Climatology Centre (GPCC; Schneider et al. 2011). The IMERG products are available in the form 
of near-real-time (NRT) data (i.e., IMERG-Early and -Late, IMERG-E and IMERG-L hereafter) 
and in the form of post-real-time research data (i.e., IMERG-Final, IMERG-F hereafter). The 
National Aeronautics and Space Administration (NASA) runs the final IMERG cycle after 
receiving monthly rain gauge analysis to create IMERG-F. This product has a latency of around 3 
months. In this study, all three IMERG products have been used as quantitative precipitation 
estimate for analyzing precipitation and forcing the hydrologic model. The IMERG precipitation 
product was interpolated to the WRF-Hydro grid (1 km × 1 km) and used for the simulations 
IMERG-E-WRFHydro, IMERG-L-WRFHydro, and IMERG-F-WRFHydro (see Table 2.1).  
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2.2.2.3 ERA5 reanalysis data and GFS data 
    ERA5 is the recent (2016) reanalysis data produced by the European Centre for Medium-Range 
Weather Forecasts (ECMWF) with a horizontal resolution of ~ 31 km (TL639 spectral grid) and 
137 hybrid sigma-pressure levels in the vertical (with the top level located at 0.01 hPa, an altitude 
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of about 80 km). ERA5 uses its 4DVAR data assimilation system at every 6 h in reanalysis mode. 
“Surface” or “single level” data are also available, containing 2D parameters such as precipitation, 
2-m temperature, top-of-atmosphere radiation, and vertical integrals over the entire atmosphere. 
We retrieved the data at 0.25° × 0.25° horizontal resolution at all pressure levels and surface level. 
More detailed descriptions of the ECMWF reanalyses and their differences can be found in Dee et 
al. (2011) and Hersbach and Dee (2016). Recently ERA5 data have proven to be suitable for 
hydrologic application in Tarek et al. (2020). In this study, for the first time, we show the 
hydrologic application of dynamically downscaled ERA5 data (using the WRF model) in flash 
flood simulations (Table 2.1). 
    The Global Forecast System (GFS) is a weather forecast model produced by the National 
Centers for Environmental Prediction (NCEP) and extensively used for short to medium range 
meteorological forecast. GFS uses its Global Data Assimilation System (GDAS) only at the time 
of initialization and then runs in forecast mode [hybrid four-dimensional ensemble-variational 
formulation (hybrid 4DEnVar); Buehner et al. 2013]. Here we use GFS 3-hourly forecast at 0.25° 
× 0.25° resolution to force WRF. Notably, during the RELAMPAGO IOP, deployment decisions 
were made in part using convection-permitting GFS-WRF (WRF dynamically downscaled GFS 
data). 
2.2.3 Model description 
2.2.3.1 WRF 
    The meteorological modeling system used in this study is WRF, version 3.8.1 (Skamarock et al. 
2008). The model domain includes the entire southern LPB (28°-37°S, 58°-76°W; Figure A.2). 
The domain of the meteorological model is set up at convection-permitting 3-km horizontal grid 
spacing, larger than the hydrological model domain, to capture the large-scale forcing and 
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interactions. The convection-permitting modeling has the advantage of being able to accurately 
represent the characteristics of precipitation at event- and climate-scale (Prein et al. 2015; Pal et 
al. 2019). Some details of the model configuration are shown in Table A.1. The physical 
parameterizations are the same as in previous convection-based studies in the region, which have 
provided a consistent representation of the temperature and precipitation (Mulholland et al. 2019) 
and also used for twice-daily operational forecasting during RELAMPAGO IOPs. We used 
different meteorological data as initial and boundary conditions to force WRF (Table 2.1). For 
example, ERA5-WRF uses ERA5 data as forcing for WRF. Similarly, GFS-WRF uses GFS while 
local ensemble transform Kalman filter (LETKF)-WRF uses GFS+GEFS (Global Ensemble 
Forecast System) for the boundary conditions (see Table 2.1). WRF generated precipitation was 
interpolated to WRF-Hydro grid (1 km) to provide a 48-h streamflow forecast, with WRF 
initialization at 0000 UTC 26 November 2018. 
2.2.3.2 LETKF-WRF 
    The LETKF-WRF is the regional ensemble-based data assimilation system computed in real-
time during the campaign. This system [named RELAMPAGO Rapid Refresh (RRR)] was jointly 
developed by the Argentinian National Meteorological Service and the Department of 
Atmospheric Sciences of University of Illinois. The simulations were run using the NCAR 
supercomputer Cheyenne resources (CISL 2019). WRF version 3.9.1.1 with a 10-km horizontal 
resolution was used, coupled with a 4D local ensemble transform Kalman filter (4D-LETKF) 
(Hunt et al. 2007; Miyoshi and Kunii 2011) data assimilation technique (hereafter LETKF-WRF). 
A 60-member ensemble was constructed using nine combinations of cumulus and planetary 
boundary layer parameterizations, and the 20-member GEFS recentered around the 0.25° 




Figure 2.4 LETKF-WRF flow diagram. An ensemble of analyses is computed hourly using the WRF Model coupled 
with a 4D-LETKF data assimilation technique. Every hour the observations (OBS) are assimilated and separated into 
10-min slots. The 36-h ensemble forecasts are computed only at 0000, 0300, 0600, 0900, 1200, 1500, 1800, and 2100 
UTC. The boundary conditions (BC) are set using the GFS combined with the GEFS. See the text for a detailed 
description. ENS FCST = ensemble forecast. 
 
from LETKF-WRF are used for LETKF-WRF-Hydro simulation (Table 2.1). A flow diagram of 
the system is shown in Figure 2.4. An ensemble of hourly analyses is obtained through a 4D-
LETKF implementation which assimilates the observations from the previous hour distributed in 
10-min slots. In addition, 36-h ensemble forecasts are computed every 3 h, i.e., eight times a day.  
The sources of the observations assimilated are C-band Argentinian radar network, GOES-16- 
derived motion winds, Atmospheric Infrared Sounder (AIRS) retrievals, automatic and 
conventional surface weather stations, airplanes, radiosondes, ships, and buoys. For example, the 
distribution of the observations assimilated for the 1200 UTC 26 November 2018 analyses is 
shown in Figure 2.5. The LETKF-WRF system was started at 0100 UTC 5 November 2018 and 
continuously ran until 1200 UTC 19 December 2018. A detailed description of a similar regional 
data assimilation technique can be found in Dillon et al. (2016). For this work, 12- and 36-h 





Figure 2.5 Distribution of the different types of assimilated observations for the 1200 UTC 26 Nov 2018 ensemble 
analyses. Following are the total amount of observations from each type indicated within brackets. RS = radiosondes 
(597), AIRPL = aircraft data (120), GDMW = GOES-16-derived motion winds (572), CSWS = conventional surface 
weather stations (635), ASWS = automatic surface weather stations (8914), RADAR = Argentinian C-band radars 
(29232). The elevation (m) is shaded. 
 
2.2.3.3 WRF-Hydro 
    WRF-Hydro 5.0.3 (Gochis et al. 2018) is a parallelized distributed hydrologic model. In the case 
of our study, it has the advantage that it can either be forced offline using prescribed atmospheric 
forcing variables or coupled seamlessly to the Advanced Research version of WRF (WRF-ARW 
as dynamical core). Atmospheric forcing data needed to execute WRF-Hydro include incoming 
shortwave radiation, incoming longwave radiation, specific humidity, air temperature, surface 
pressure, and near-surface wind (both u and υ-components). In this study, WRF-Hydro 5.0.3 is 
configured in its uncoupled mode, so the hydrological model obtains only atmospheric input 
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forcing from the atmospheric model. Noah multiparameterized land surface model (Noah-MP 
LSM) is the land surface model (Niu et al. 2011) used in WRF and uncoupled WRF-Hydro. The 
WRF-Hydro modeling system was set up using multiple grid structures in the basin, such that the 
Noah-MP LSM was operated at 1-km horizontal grid spacing with an additional representation of 
overland flow, along with channel routing on a nested 100-m grid (e.g., Gochis and Chen 
2003; Gochis et al. 2018) to accurately represent the river network in this complex terrain. Noah-
MP consists of a four-layer soil model (10-, 30-, 60-, and 100-cm thickness). The fine-resolution 
grid of 100 m further redistributes terrestrial moisture. Subsequently, surface water head and soil 
moisture content for each soil layer are aggregated and updated in the coarse Noah-MP LSM grid. 
Calculation of surface runoff uses infiltration capacity excess. Here infiltration capacity excess in 
the 1D column model domain is allowed to remain within the model domain as “ponded water,” 
which is subsequently available for lateral redistribution. See Yucel et al. (2015) and Gochis et al. 
(2018) for more detailed information about WRF-Hydro. Initial soil moisture condition for WRF-
Hydro was derived from corresponding forcing data for WRF. The WRF-Hydro system includes 
various predefined hydrological parameters. Previous studies have recommended calibrating 
several sensitive parameters, especially those controlling the total water volume and the temporal 
distribution of streamflow, to improve model performance in terms of the volume of discharge and 
shape of the hydrograph (Yucel et al. 2015; Naabil et al. 2017). Parameters found most important 
for this study are infiltration factor (REFKDT) and channel Manning roughness or Manning’s N. 
The other parameters (such as soil and vegetation parameters) are taken as default WRF-Hydro 
configuration (Gochis et al. 2018) and kept constant throughout the simulations. REFKDT controls 
the rate of surface infiltration at each time step. Higher REFKDT values result in lower simulated 
hydrograph volume at an unsaturated soil condition. 
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Table 2.2 Manual calibration of the two most sensitive parameters of WRF-Hydro, infiltration parameter (REFKDT) 
and channel roughness parameter (MannN), based on precipitation forcing from IMERG.RMSE = root-mean-square 
error, and NSE = Nash-Sutcliffe efficiency. 
 




Quillinzo La Cruz 
Santa 
Rosa 






0.02 81.78 78.96 43.32 0.22 0.31 0.05 
0.1 76.24 70.47 32.46 0.24 0.33 0.07 
0.3 67.15 65.11 21.55 0.25 0.56 0.11 






0.5 81.22 75.16 35.77 0.15 0.45 0.19 
1 67.15 65.11 21.58 0.25 0.56 0.11 
1.4 58.97  62.55 15.95 0.56 0.62 0.60 
2 88.92 81.29 41.28 0.34 0.56 0.19 
 
Table 2.3 Default channel parameter table (MannN = 1) and the values used in this study (with MannN = 1.4) in 
WRF-Hydro. Bw = channel bottom width (m), HLINK = initial depth of channel water (m), ChSSlp = channel slope, 
and Manning’s N = actual roughness coefficients corresponding to the stream order. Lower stream order is 













1 1.5 0.02 3 0.55 0.77 
2 3 0.02 1 0.35 0.49 
3 5 0.02 0.5 0.15 0.21 
4 10 0.03 0.18 0.1 0.14 
5 20 0.03 0.05 0.07 0.10 
6 40 0.03 0.05 0.05 0.07 
7 60 0.03 0.05 0.04 0.06 
8 70 0.1 0.05 0.03 0.04 
9 80 0.3 0.05 0.02 0.03 
10 100 0.3 0.05 0.01 0.01 
 
    We calibrated WRF-Hydro using IMERG-F because it is a bias-corrected gridded remotely 
sensed product that provided an adequate representation of the area-averaged precipitation when 
compared to rain gauge data. We did not use rain gauges directly because they are not uniformly 
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distributed throughout the watershed, and we would lose spatial detail in the gridding process. 
Also, some of the rain gauges were withdrawn after RELAMPAGO. Within WRF-Hydro, 
REFKDT is calibrated in this study by manually varying its value between 0.02 and 0.5 to get an 
optimum value of 0.3 (Table 2.2). Another important parameter in WRF-Hydro, deciding the shape 
of the hydrograph, is Manning’s N. These depend on stream order and are controlled by the scaling 
factor MannN in WRF-Hydro (Gochis et al. 2018). Manual calibration was carried out in this study 
by multiplying the Manning’s roughness values by scaling factors of 0.5, 1 (default), 1.4, and 2. 
The optimum value of MannN was found to be 1.4 (Table 2.2), and corresponding roughness 
coefficients ranging from 0.77 to 0.014 (Table 2.3). Calibration was performed based on the RMSE 
and NSE values (see Table 2.4) of streamflow following past literature (Nash and Sutcliffe 
1970; Moriasi et al. 2007; Varlas et al. 2019; Furnari et al. 2020). The other parameters of WRF-
Hydro, which were stated as sensitive in past studies, like surface retention depth 
(RETDEPRTFAC) or overland routing parameter (OVROUGHTFRA) were not found to be 
sensitive for this short simulation. The optimum values of REFKDT and MannN obtained from 
manual calibration with IMERG-F data were applied to other forcing datasets. We acknowledge 
that with better estimates of channel geometry, roughness, and soil properties, the modeling can 
be significantly improved. 
2.2.4 Experimental design 
    In summary, we designed the simulations in such a way that the capability of the meteorological 
and hydrological models can be tested (Table 2.1). We use 1) IMERG-E and IMERG-L as NRT 
flood reconstruction, 2) IMERG-F as a benchmark for spatially distributed precipitation and WRF-
Hydro calibration, 3) ERA5-WRF in hindcast mode with continuous assimilation to investigate 
the usage of the state-of-the-art ERA5 reanalysis for a posteriori hydrometeorological application,  
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Table 2.4 List of statistical metrics used for verification of precipitation and streamflow simulations. Here, 𝑃𝑚𝑜𝑑𝑒𝑙
𝑖 = 
model simulated precipitation at ith hour, 𝑃𝑜𝑏𝑠
𝑖 = observed IMERG-F precipitation at ith hour, n = number of hours in 
consideration, a = hits, b = false alarms, c = misses, d = correct rejection of the 2x2 contingency table (Wilks, 2011) 
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Figure 2.6 (a)-(d) Evolution of the storm during RELAMPAGO as seen by GOES IR imagery [colors represent 
brightness temperature (K)]. The times of snapshots are indicated. The black arrow in (b), (c), and (d) points at the 
storm that affected the basin. The images were processed by NCAR EOL during the RELAMPAGO field campaign. C 
= Córdoba, Y = Yacanto, M = Mendoza, SR = Santa Rosa, SL = San Luis.  
 
4) GFS-WRF as a deterministic forecast to be used in an operational context as it uses assimilation 
only for initial conditions, and 5) ensemble precipitation forecast from LETKF-WRF initialized 
with regional-scale data assimilation, which provides the opportunity to evaluate the applicability 
of an ensemble-based forecast with assimilation, as compared to a deterministic one. 
2.2.5 Statistical metrics and methods 
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    We use different objective metrics to evaluate the deterministic and ensemble atmospheric 
forecasts, and streamflow simulations (Table 2.4). In addition to the metrics listed in the table, we 
use the area under relative operating characteristics (AROC) curve (Wilks 2011) value to show the 
skill of forecasts discriminating between the occurrence and nonoccurrence of precipitation. A 
perfect forecast system is represented by AROC equal to 1, while an AROC below 0.5 indicates 
no skill. We also use rank histograms to evaluate whether the collection of ensemble forecasts 
satisfy the consistency condition (Wilks 2011). We use the Thiessen polygon method to assign 
areal significance to gauge rainfall estimates. It is a method where perpendicular bisectors are 
constructed to the lines joining each measuring station with those immediately surrounding it. 
These bisectors form a series of polygons, each polygon containing one station. The value of 
precipitation measured at a station is assigned to the whole area covered by the enclosing polygon 
(American Meteorological Society 2020).  
2.3 Results and discussion 
2.3.1 Development and synoptic environment 
    During 26-27 November 2018, deep convection repeatedly formed over the southern Sierras, 
and organized into an MCS, leading to significant flooding and an important hydrological event 
for the RELAMPAGO IOP. GOES IR imagery, as created by NCAR Earth Observing Laboratory 
(EOL), was made available during RELAMPAGO (Figure 2.6). At 0000 UTC 27 November 
convection initiated over the high terrain south-southwest of Córdoba (Figure 2.6a). Then it grew 
and moved east (Figure 2.6b). At 0315 UTC (Figure A.3), growth was primarily by backbuilding 
and the system started moving off the terrain (Figure 2.6c). Later it became more stratiform in 
nature (Figure 2.6d). The storm continued affecting the basin until ~1200 UTC or 0900 local time 




Figure 2.7 Synoptic-scale conditions prevailing prior to the event (27 Nov 0000 UTC) from ERA5. (a) The 250-mb 
geopotential height showing an east-west jet streak over southern South America and westerlies aloft. (b) The 500-
mb map reveals a slow-moving shortwave trough situated immediately offshore along the Chilean coast. Integrated 
vapor transport (IVT) indicates the southward moisture transport having a peak at the region of concern (30°S). (c) 
Northerly winds and moisture at 850 mb reveal the southward intrusion of moisture at the lower level. (d) The 
temperature at the surface reveals the warming of the surface right before the event. 
 
the synoptic conditions prevailing at the time of the event based on ERA5 hourly data (Figure 2.7). 
Westerlies aloft (250 mb; 1 mb = 1 hPa) were driven by east-west jet streaks over southern South 
America (~35°S; Figure 2.7a). The 500-mb geopotential height contours reveal a shortwave trough 
located off the Chilean coast (Figure 2.7b). This acted as a large-scale forcing mechanism for deep 
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convection. The 500-mb westerly winds (Figure 2.7b) imposed a cap on the lower level and helped 
in building instability in the region. In addition, integrated vapor transport (shaded in Figure 2.7b) 
reveals the dominant southward moisture transport at (>300 kg m−1 s−1) ~ 30°S, which was 
supportive of the extreme rainfall event. Figure 2.7c indicates the southward moisture advection 
by the 850-mb winds which in turn increases the specific humidity near the basin. This is a 
signature of SALLJ carrying moisture from lower latitudes south (Salio et al. 2002, 2007). 
Finally, Figure 2.7d confirms the warm air advection at ~30°S at the lower level. To understand 
the role of lower-level moisture advection during this event we plot a Hovmöller diagram of 
meridional wind (V wind; Figure 2.8a) and moisture flux due to meridional wind (Vq; Figure 2.8b). 
It is clear that prior to the event ~0000 UTC 27 November, there is a strengthening of northerly 
SALLJ (deep purple shading) at ~850 mb carrying moisture southward. We see a reversal of lower-
level wind direction after the event ~0000 UTC 28 November. These mesoscale and synoptic-scale 
forcing help build the instability required for the deep moist convection. Sounding taken at 
Córdoba (Figure 2.9) prior to the event indicates a high Most Unstable Convective Available 
Potential Energy (MUCAPE) and minimum convective inhibition (CIN) along with the very moist 
lower level (from the surface to 850 mb). The northerly low-level wind is also prominent in this 
figure. In summary, a northerly low-level jet advected warm and moist air while synoptic and 
thermodynamic conditions were favorable for convection.  
2.3.2 Analysis of precipitation 
    As mentioned in section 2.1, accurate representation of spatial distribution and timing of 





Figure 2.8 Hovmöller diagram of (a) V wind and (b) moisture flux (Vq) from two days prior to the event through 1 
day after the event. The values are averaged over the region from 30°N, 65°W to 35°N, 60°W. Negative values 
represent southward advection. 
 
precipitation products during the event. The time series correlation between rain gauges and 
IMERG-F was found to be 0.81, and the spatial pattern was well captured, with more precipitation 
toward the southern part of the basin and less precipitation toward the northern part (see Figure 
2.12 and Figure A.4). The slight discrepancies between ground-based observations and satellite 
estimations can be attributed to the nonuniform distribution of rain gauges over the basin and 
inaccuracies in the remotely sensed precipitation. Thus, we compare other gridded precipitation 
products (used as forcing for the hydrologic model) with IMERG-F as our benchmark in this study. 
2.3.2.1 Spatial analysis 
    The MCS generated from the elevated convection near SDC resulted in heavy precipitation over 
the basin starting on 26 November at 2000 LT and lasting about 10 h. The period of analysis was 
from 0000 UTC 26 November 2018 to 0000 UTC 28 November 2018 (48 h) to capture the full 
extent of the event. Figure 2.10 shows the hourly averaged rainfall from IMERG-E, IMERG-L, 




Figure 2.9 Sounding taken from Córdoba (31.298°S, 64.212°W) at 2330 UTC 26 Nov 2018 during RELAMPAGO 
IOP. The dashed black line shows the ascent of a parcel with maximum equivalent potential temperature. 
 
UTC 27 November) and day 2 (0000 UTC 27 November-0000 UTC 28 November) of the event. 
Total accumulated precipitation during the event was >120 mm in some southern parts of the 
watershed. IMERG-E (Figures 2.10a,g) and IMERG-L (Figures 2.10b,h) overestimated the 




Figure 2.10 Average rate of precipitation (mm h−1) during day 1 (0000 UTC 26 Nov-0000 UTC 27 Nov) and day 2 
(0000 UTC 27 Nov-0000 UTC 28 Nov) as estimated by (a),(g) IMERG-E; (b),(h) IMERG-L; (c),(i) IMERG-F; (d),(j) 
ERA5-WRF; (e),(k) GFS-WRF; and (f),(l) LETKF-WRF ensemble median. 
 
 (Figures 2.10d,j) showed similar intensity and spatial pattern of precipitation with IMERG-F. In 
terms of statistical metrics, ERA5-WRF had high CC (>0.7, Figure 2.11a) and low RMSE (Figure 
2.11d) in the north and west, along with moderate CC (0.5-0.7, Figure 2-11d) and RMSE south of 
the basin. GFS-WRF, on the other hand, failed to represent the spatial pattern of rainfall (Figure 
2.10e) and predicted higher rainfall in the west and southern part of the watershed. This is reflected 
in the low CC (<0.4, Figure 2.11b) and high RMSE (Figure 2.11e) values. The timing of the major 
precipitation event was also not captured in GFS-WRF, which is evident from Figures 2.10e and 
2.10k. These figures indicate that GFS-WRF significantly overestimated the rainfall over the basin 
during the first day and underestimated during the second day. In particular, GFS-WRF predicted 
more than 4 mm h−1 rainfall between 0600 and 1000 LT 26 November 2018, which is an 
overestimation of 2.5-3 mm h−1 (80%-100%) (Figures 2.12a,b). Overall, 48-h accumulated 
precipitation at 0000 UTC 28 November is greater than 100 mm in the southwestern region, and 
the bias is less in ERA5-WRF than in GFS-WRF when compared with IMERG-F. The spatial 




Figure 2.11 Spatial distribution of the statistical metrics for the ERA5-WRF, GFS-WRF, and LETKF-WRF ensemble 
median precipitation at grid scale over Rio Tercero basin: (a)-(c) CC, (d)-(f) RMSE, (g)-(i) POD, (j)-(l) FAR, and 
(m)-(o) CSI. The time series of each grid cell during the full event (48 h) are used to calculate the metrics and plotted 
on map. 
 
Figures 2.10f and 2.10l) compared to GFS-WRF in terms of higher CC (>0.5 all over the basin) 
and lower RMSE (except northeast part). 
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    In addition to the continuous metrics (CC and RMSE), we also evaluate ERA5-WRF, GFS-
WRF, and LETKF-WRF (ensemble median) against IMERG-F using contingency statistical 
metrics (POD, FAR, and CSI, Figure 2.11). POD (Figures 2.11g-i) is in the range of 0.3-0.5 for 
ERA5-WRF and GFS-WRF with some higher values (>0.7) in the north for ERA5-WRF. LETKF-
WRF achieves POD values 0.5-0.7 throughout the basin with higher values toward the north. FAR 
(Figures 2.11j-l) is significantly high in GFS-WRF (>0.5) and the eastern part of the basin in 
ERA5-WRF. Low FAR values (<0.3) are found throughout the basin for LETKF-WRF. In terms 
of CSI (Figures 2.11m-o), LETKF-WRF achieves the highest values (0.3-0.5), while ERA5-WRF 
and GFS-WRF have lower values (<0.3) with the exception of high values in the north (>0.5) for 
ERA5-WRF. Overall, LETKF-WRF showed better performance than ERA5-WRF and GFS-WRF 
in terms of CC, POD, FAR, and CSI. GFS-WRF performed poorly, particularly in terms of FAR. 
 2.3.2.2 Temporal analysis 
    Area average (over the basin in Figure 2.1b) time series of precipitation (Figures 2.12a,b) show 
that IMERG-E and IMERG-L overestimate the 48-h accumulated precipitation by 20-30 mm with 
slightly lower bias in IMERG-L. ERA5-WRF underestimates (negative ME, Figure 2.13a) 
precipitation when compared to IMERG-F. Figure 2.12a indicates that precipitation on 26 
November was overestimated in GFS-WRF and precipitation of 27 November was underestimated 
(also see ME estimates in Figure 2.13a). However, 48-h accumulated precipitation predicted by 
GFS-WRF at 0000 UTC 28 November is comparable to that of ERA5-WRF (Figure 2.12b). 
In Figure 2.12b, the brown line indicates the median value of LETKF-WRF ensembles and orange 
shading shows the values lying within the first and third quartile (interquartile range). The median 
value is close to the observed (both IMERG-F and rain gauge estimated) 48-h accumulation 




Figure 2.12 (a) Area-average precipitation from different precipitation sources available during RELAMPAGO. Area 
average precipitation from rain gauges is calculated using Thiessen Polygon method. (b) As in (a), but for 
accumulated precipitation. LETKF-WRF (60-member ensemble) median precipitation and one standard deviation 
ensemble spread around the median is included in (b). 
 
spaghetti plot of all ensemble members of LETKF-WRF (Figure 2.13b) indicates lower ME and 
MSE when compared to ERA5-WRF and GFS-WRF. Figure 2.13c shows AROC values for 
different forecasts and it is seen that models have higher skill during day 1 and lower skill as time 
progresses. Only LETKF-WRF was able to improve the score during hours 24-35. In general, 
ERA5-WRF and LETKF-WRF showed higher skill than GFS-WRF throughout the simulation. In 
addition, a uniform rank histogram (Figure 2.13d) confirms the consistency among model 




Figure 2.13 Verification and skill metrics for the area-average precipitation products with lead time: (a) ME and 
MSE of ERA5-WRF and GFS-WRF, (b) ME and MSE of LETKF-WRF ensemble members, (c) AROC values for ERA5-
WRF, GFS-WRF, and LETKF-WRF median. (d) Rank histogram for LETKF-WRF 60-member ensemble. 
 
and GFS-WRF in terms of ME, MSE and AROC values. Model skill decreases with lead time 
except the improved AROC value of LETKF-WRF during precipitation of day 2.  
    Due to the fact that WRF model configuration was unaltered, the inconsistency between ERA5-
WRF and GFS-WRF predicted precipitation can be attributed to the initial and boundary    




Figure 2.14 Streamflow hindcast and forecasting with WRF-Hydro, forced with different forcing data available during 
RELAMPAGO. Observed streamflow data are estimated with ADCP and LSPIV. (a) basin-average IMERG-F 
precipitation during the event. Streamflow estimated by WRF-Hydro while forced with IMERG-E, IMER-L and 
IMERG-F precipitation, ERA5-WRF precipitation, GFS-WRF precipitation and LETKF-WRF precipitation at (b) 
Quillinzo, (c) La Cruz, and (d) Santa Rosa. 
 
uses a global data assimilation system only at the initial time step. Therefore, the atmospheric 
boundary conditions degrade with forecast lead time. On the other hand, the LETKF-WRF uses a 
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combination of GFS and GEFS as boundary conditions and the data assimilation technique 
incorporates observations from the previous hour distributed in 10-min slots (section 2.2.3.2). In 
this case, atmospheric regional data assimilation was able to capture the local and remotely sensed 
Table 2.5 Performance metrics (R = correlation coefficient, NSE = Nash-Sutcliffe efficiency, and RMSE = root-mean-







La Cruz Quillinzo 
R 
IMERF-E-WRFHydro 0.69 0.86 0.58 
IMERG-L-WRFHydro 0.74 0.75 0.73 
IMERG-F-WRFHydro 0.76 0.91 0.74 
ERA5-WRFHydro 0.77 0.51 0.53 
GFS-WRFHydro -0.13 0.13 -0.22 
LETKF-WRFHydro 0.61 0.77 0.64 
RMSE (m3/s) 
IMERG-E-WRFHydro 105.52 74.92 138.87 
IMERG-L-WRFHydro 101.14 59.55 95.93 
IMERG-F-WRFHydro 58.97 15.95 62.55 
ERA5-WRFHydro 60.10 68.42 96.37 
GFS-WRFHydro      95.26 27.06 146.01 
LETKF-WRFHydro 82.81 8.98 84.81 
NSE 
IMERG-E-WRFHydro 0.46 0.27 0.15 
IMERG-L-WRFHydro 0.52 0.25 0.40 
IMERG-F-WRFHydro 0.56 0.60 0.62 
ERA5-WRFHydro 0.47 0.14 0.39 
GFS-WRFHydro -0.03 -0.16 -0.23 
LETKF-WRFHydro 0.42 0.43 0.24 
 
precipitation pattern (Figure 2.10 and Figure 2.11). Also, ensemble-based forecasting gives us an 
opportunity to consider the uncertainty in the model runs. 
2.3.3 Hydrologic response: Analysis of streamflow 
   The results in this section are obtained from the best hydrologic model parameter combination 
as discussed in section 2.2. Figures 2.14b-d shows simulated and observed streamflow in the three 
rivers. The maximum flow discharge (stage) observed at Quillinzo, La Cruz, and Santa Rosa was 
370 m3 s−1 (3 m), 50 m3 s−1 (2.6 m), and 260 m3 s−1 (1.8 m) at 1000, 1400, and 1200 LT, 
respectively. The time to peak at these locations was 5-6 h depending on the river concerned. The 
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peak flood response was fast and intense at Quillinzo, slightly slower but very intense in Santa 
Rosa and slow and muted in La Cruz (Figures 2.14b-d, black lines). Figures 2.14a depicts the 
corresponding IMERG-F hourly basin-average precipitation. Statistical evaluation of WRF-Hydro 
simulated streamflow is presented in Table 2.5. 
    At Quillinzo (Figure 2.14b), the timing of peak flood (1000 LT 27 November) was well captured 
by IMERG-F-WRFHydro, though the magnitude was lower by 50-70 m3 s−1 (R = 0.74, RMSE = 
62.55 m3 s−1, NSE = 0.62). IMERG-E-WRFHydro and IMERG-L-WRFHydro overestimated the 
peak and simulated earlier than observation (R = 0.58, RMSE = 138.87, NSE = 0.15 for IMERG-
E-WRFHydro and R = 0.73, RMSE = 95.93, NSE = 0.4 for IMERG-L-WRFHydro). ERA5-
WRFHydro represents the magnitude well, but the peak time was delayed by 5 h. This simulation 
has lower values of R and NSE (0.53 and 0.39, respectively) than IMERG-F-WRFHydro. GFS-
WRFHydro predicts a very early peak (previous day ~1800 LT) with a similar magnitude. This 
results in negative R and NSE values with high RMSE (146.01 m3 s−1, Table 2.5). LETKF-
WRFHydro ensemble median streamflow peak is 2 h earlier than observed. However, the actual 
peak was captured closely by some of the ensemble members and hence, the interquartile range of 
the ensemble spread is very close to the observed flow. The R, NSE, and RMSE values (0.64, 0.24, 
and 84.81 m3 s−1, respectively) of the LETKF-WRFHydro ensemble median were better than the 
GFS-WRFHydro metrics. 
    At La Cruz (Figure 2.14c), IMERG-E-WRFHydro and IMERG-L-WRFHydro significantly 
overestimate the peak amount with higher bias in the former (RMSE = 74.92 and 59.55 m3 s−1, 
respectively). Although the magnitudes of peak flood were overestimated by IMERG-F-
WRFHydro slightly (RMSE = 15.95 m3 s−1), CC and NSE were high (0.91 and 0.6, respectively). 
GFS-WRFHydro predicted an earlier and higher intensity peak flow with low R and NSE values. 
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LETKF-WRFHydro ensemble was able to reduce some of the extreme behavior from simulation 
and the median represents well the observed streamflow. The R and NSE values were improved to 
0.77 and 0.43, respectively, with significant reduction in RMSE (8.98 m3 s−1). 
    At Santa Rosa (Figure 2.14d), both IMERG-E-WRFHydro and IMERG-F-WRFHydro perform 
better than IMERG-F-WRFHydro in terms of peak timing but overestimated the peak flow amount 
(RMSE = 105.52 and 101.14 m3 s−1, respectively). ERA5-WRFHydro simulation was comparable 
to IMERG-F-WRFHydro with similar bias (RMSE = 60.10 m3 s−1). GFS-WRFHydro did not 
perform well in terms of either timing or magnitude (negative R and NSE). This can again be 
attributed to overestimation of precipitation by GFS-WRF on 26 November (section 2.3.2.1). 
LETKF-WRFHydro was able to improve the peak flow timing and magnitude (R = 0.61, NSE = 
0.42, and RMSE = 82.81), although it was not able to capture the recession. 
    Overall, negative R and NSE values associated with GFS-WRFHydro indicates low skill of the 
forecasts on all three rivers. The forecast skill was better in LETKF-WRFHydro (see R and NSE 
values in Table 2.5). GFS-WRFHydro has the highest RMSE in all three rivers, while LETKF-
WRFHydro performs better. LETKF-WRFHydro RMSE is even lower than ERA5-WRFHydro in 
La Cruz and Quillinzo. 
    As such, bias in the streamflow forecast was significantly lowered when regional atmospheric 
data assimilated precipitation product was used. The results highlight the importance of using 
realistic precipitation for flash flood modeling as well as the capability of WRF-Hydro as a physics 
based distributed hydrology model for flood prediction in this region. This modeling framework 
could be suitable in the region as it was able to achieve NSE values 0.56, 0.60, and 0.62 (in Santa 
Rosa, La Cruz, and Quillinzo, respectively) with minimal calibration in a hindcast mode (IMERG-
F-WRFHydro and 0.42, 0.43, and 0.24 in the same locations in a forecast mode (LETKF-
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WRFHydro), which are satisfactory given the challenges in sub-daily scale forecasting. Critically, 
we see the potential for using an ensemble system such as LETKF-WRF for hydrologic forecasting 
purposes. However, it is important to highlight that in addition to the uncertainty coming from the 
forcing, model parameter related uncertainty in WRF-Hydro (such as the assumption of trapezoidal 
channel and calculation of channel routing parameters as functions of stream order) can also affect 
the performance of the hydrologic model. 
2.3.4 Implications for water management 
    The simulations and data generated during the field campaigns of the RELAMPAGO project 
have been used intensively for water management in the province of Córdoba, highlighting the 
collaboration as an important aspect of the project. During this event of 26 November 2018, the 
information registered in the field was transferred to the province authorities in real-time, which 
allowed adequate management of the drained volumes (operating valves, gates, etc.) in the 
different reservoirs of the system, preserving valuable water resources, lives and property in the 
basin. In addition, the different calibrated models and other tools (together with the meteorological 
information generated by the models of the RELAMPAGO project) are allowing an effective 
management of the surface flows drained into the dams. The framework developed in this study 
for the Rio Tercero basin is also being implemented in other basins of the province that are 
vulnerable to the impacts of flash floods due to higher population density and tourism activities. 
2.4 Conclusions 
    The mountainous region of west central Argentina experiences some of the most severe 
convection in the world with respect to the frequency of large hail, intense, organized convection, 
lightning and flash flooding activity. This study is part of the hydrometeorological component of 
the RELAMPAGO field campaign and focuses on the analysis of an extreme rainfall event during 
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the IOP. The RELAMPAGO Hydrometeorology component had two primary foci: observational 
and modeling.  
Lessons learned from the observational perspective: 
- The hydrologic team was able to successfully deploy streamflow observations because we 
worked in collaboration with weather forecasters. Without the weather forecasters and real-
time radar observations, our team would not have been able to reach these remote sites 
with enough time to monitor the entire hydrologic response. Our collaboration also allowed 
us to build three stage-discharge curves, including extreme flow conditions, within the time 
of the IOP. 
- Traditional streamflow observations (current meters or ADCP) do not work well in these 
types of rivers because streamflow response is so flashy. For this reason, members of our 
team have been working with the USGS to improve the use of LSPIV techniques to 
measure extreme hydrologic response in the high flow conditions. The recently enhanced 
LSPIV techniques have allowed us to safely measure the extreme streamflow response and 
build the rating curve in these previously ungauged basins. 
- Our results suggest that near-real-time remotely sensed IMERG precipitation estimates 
(both IMERG-E and IMERG-L) have substantial bias and should not be used for 
hydrologic prediction in the region without prior bias correction. 
- Observations during IOP found that the time to peak in the rivers Quillinzo, La Cruz and 
Santa Rosa were 5-6 hours. This information can be used for hazard prevention as this is a 
touristic region where people flock to the rivers during the summer season when sudden 
extreme storms can result in rapid rise of the waters and have resulted in loss of life.  
Lessons learned from the modeling perspective: 
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- Adequately representing the hydrologic response of these intense convective storms 
benefits from a physically-based detailed high-resolution model such as WRF-Hydro. In 
the study area, small differences in representing the storm location can result in large 
differences related to the streamflow response. In this case, WRF-Hydro has the added 
benefit of working seamlessly with the weather forecast input data. 
- Assimilation of atmospheric data into the WRF using LETKF-WRF improves the 
precipitation forecast and this results in an improved hydrologic forecast. Furthermore, the 
ensemble-based approach can provide information about uncertainty in the atmospheric 
forcing.  Based on the encouraging LETKF-WRF initial results, the Argentinian National 
Meteorological Service is working on the implementation of a high resolution hourly 
LETKF-WRF system over southern South America. Regional atmospheric data 
assimilation with products such as LETKF-WRF could eventually improve probabilistic 
hydrologic prediction in these short and highly intense rainfall events.  
- Further research is needed to assess the added value of a 'coupled' hydrometeorological 
modeling system (e.g., coupled WRF-Hydro) and direct assimilation of streamflow 
measurement to improve the hydrologic modeling (Seo et al. 2003; Rakovec et al. 2015; 
Li et al. 2015).  
Lessons learned from the stakeholders’ perspective: 
- The results from this work have already been used by the water managers and reservoir 
operations in the region to make decisions about water release from the reservoirs.  
- The Ministry of Public Services from the Córdoba Province Government provided the 
stage-measurement instruments, and these were installed in collaboration with 
RELAMPAGO. For this reason, the measurements will be available well beyond the 
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RELAMPAGO field campaign and will be useful for the communities in the region for 
both water resource management and flood preparedness purposes. 
    The hydrometeorological observations and modeling during RELAMPAGO were the result of 
hydrologists working seamlessly with weather forecasters and atmospheric modelers. Equally 
important was the collaboration between scientists from the United States and Argentina: from the 
initial design of the experiments, all the way to the final transference of results to stakeholders. 
















CHAPTER 3: INVESTIGATING THE EFFECTS OF LAND USE CHANGE ON 
SUBSURFACE, SURFACE AND ATMOSPHERIC BRANCHES OF THE 
HYDROLOGIC CYCLE IN CENTRAL ARGENTINA2 
 
    Since the 1970s, agricultural production in central Argentina has shifted away from perennial 
crops and grasses towards annual crops, largely soy. In this chapter, we use observations and 
modeling to understand how this shift in land cover has affected the subsurface, surface and 
atmospheric fluxes of moisture and energy in a flat agricultural area. We analyze the flux tower 
data from a paired site at Marcos Juarez in central Argentina during the period of the 
RELAMPAGO field campaign (2018-2019). When compared to perennial alfalfa, the observations 
over soy show lower ET and specific humidity, higher sensible heat, higher outgoing shortwave 
radiation and soil temperature. Furthermore, water table depth (WTD) is shallower below the soy 
than the alfalfa sites. To better understand the long-term temporal behavior from the 1970s to the 
present, the Noah-MP land surface model was calibrated at both soy and alfalfa sites based on 
RELAMPAGO data. Long-term simulation of the calibrated model suggests that ~95% of 
precipitation is evaporated in the alfalfa site with negligible recharge and runoff. In the case of 
soy, ET is about 68% of precipitation, leaving nearly 28% for recharge and 4% for runoff. 
Observed increases in streamflow and decreases in WTD over time are likely linked to shifts in 
land cover. The changes in WTD are enhanced in El Ni?̃?o years. Furthermore, the partitioning of 
net available energy shifts from latent heat to sensible heat resulting in a 250% increase in Bowen 
ratio (from 0.2 to 0.7). 
 







    During the 21st century, Argentina (Figure 3.1a) has experienced one of the fastest agricultural 
expansion rates on the planet (Baldi et al. 2008; Graesser et al. 2015). In many Argentinian regions, 
such as the province of C?́?rdoba (Figure 3.1b), the past 60 years have seen a shift in agricultural 
production from one that had primarily perennial crops for livestock and grasses to one based on 
annual crops, largely dominated by soy, with the confinement of livestock into feedlots. These 
changes came about due to a confluence of global and national factors. Technological advances in 
agricultural production such as the introduction of transgenic varieties, no-till farming, and crop 
rotation dramatically increased crop productivity in the region (Paruelo et al. 2005). Global 
economic shifts such as the increasing demand for soy-based and corn-based biofuels and the 
incursion of China, a large importer of soy-based products, into the World Trade Organization 
made it economically attractive for farmers to shift to soy and corn. At the national level, 
Argentinian protectionist policies of the early and mid-2000s significantly benefited the 
agricultural industry. As a result, in two decades (1995/96 to 2014/15), the cultivated area in 
regions such as C?́?rdoba increased by 229%. Soy now dominates the landscape in the province of 
Cordoba accounting for nearly 60% of crops.  
    How can these dramatic changes in land use affect the hydrologic cycle? Some effects could 
parallel those of other regions of the globe that have experienced similar land use shifts, such as 
the Midwestern United States. In the US central region, European settlers arrived in the early to 
mid-19th century and by 1900 agriculture had become the dominant land use type, replacing the 
native grasses and forests of the region (Yaeger et al. 2013). Perennial and sod vegetation gave 
way to intensive corn and/or soybean crops with shorter summer growing seasons, which led to a 
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decrease in ET. Decreased ET implied that more precipitation was going into groundwater 
recharge and routed into streams as baseflow (Zhang and Schilling 2006). Furthermore, the  
 
Figure 3.1 (a) Location of Carcarañá river basin in Argentina. (b) Elevation (m) and drainage network of the basin. 
(c) Location of Marcos Juarez (paired sites) and Andino (streamflow measurement location) within the watershed. 
 
ubiquitous use of tile drainage accelerates the lateral subsurface drainage of these systems (Yaeger 
et al. 2013). Several studies have attributed increased baseflow in the region to changes in land 
surface characteristics (Zhang and Schilling 2006; Schilling et al. 2008; 2010; Xu et al. 2013).  
    The plains of the Pampas-Chaco in Argentina are flatter than their North American counterparts. 
They are sometimes referred to as hyperplanes because their slopes are less than 0.1%, their 
drainage systems are poorly developed, and ET dominates the water balance (Jobbagy et al. 2008). 
Rodriguez et al. (2020) identified transpiration as the primary component of the water budget, 
47 
 
followed by evaporation and interception, for dry forests and crops in the nearby region of San 
Luis, Argentina. In general, their modeling results showed that liquid water fluxes here are strongly 
controlled by the vegetation cover. Gim?́?nez et al. (2020) showed that changes in land cover from 
dry forests to crops reduced ET and increased the intensity of deep drainage. Consequently, 
changes in ET linked to agricultural practices can have dramatic consequences for the water 
balance of the region. Measurements and remote-sensing estimates in Argentina show that 
compared to annual crops, perennial crops such as alfalfa have deeper roots and year-round 
transpiration of more than 1000 mm/year compared to about 680 mm/year for single summer crops 
(Nosetto et al. 2015). Soil moisture is usually higher, and the WTD is closer to the surface below 
annual single summer crops than in areas where perennial alfalfa is grown (Nosetto et al. 2012). 
Mercau et al. (2016) suggested that at inter-annual timescales, the balance between precipitation 
and ET dictates water table fluctuations, whereas crop choice can be a relevant control at intra-
annual or seasonal timescale. They also indicated that lateral transport of water, driven by 
hydraulic gradients develops due to contrasting water consumption of different vegetation types. 
In a modeling study, Zellner et al. (2020) reached a similar conclusion, as climate was the main 
driver of water table dynamics, but crops can influence water levels depending on the growing 
cycle. One of the important consequences of changes in the water table is related to flooding, as 
groundwater level is intimately related to the flooded area in the region (Viglizzo et al. 2009; 
Aragón et al. 2010). During periods of excess rains, the water table can reach the surface and cause 
“slow” floods that affect the region for several years (Kuppel et al. 2015). In fact, a modeling study 
by Lee et al. (2018) linked the increasing discharge of the Parana river to land cover change using 
a terrestrial biosphere model.  
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    Very few studies have relied on eddy covariance data in this region due to limited in-situ 
measurements. Garcia et al. (2017a) provided estimates of CO2 and water vapor fluxes, using eddy 
covariance measurements, in a dry forest of central Argentina. They identified that 1) the dry forest 
is a net sink of carbon, and 2) ET is the dominant vapor flux. In another study, Nosetto et al. (2020) 
compared the temporal patterns of CO2 and water vapor fluxes of native dry forests and pastures 
at two different locations to show comparatively higher ET in the forests, primarily due to 
increased evaporating surface causing higher intercepted water. Long-term groundwater table 
depth records are also limited in this region. Jobb?́?ggy et al. (2020) illustrated that the unsaturated-
saturated contact zone is a critical and dynamic hub of water partition using observed WTD 
analysis at different vegetation. Clearly, this region shows strong interactions between land cover 
and terrestrial hydrology. However, there have not yet been any paired hydrometeorological 
observations of eddy-covariance estimates in the region, to understand how transient changes in 
land cover affect the partitioning of moisture and energy. Furthermore, the link between these 
differences and long-term trends in WTD, hydrologic and atmospheric fluxes has not been 
established. 
    This study focuses on the regions surrounding Marcos Juarez (Figure 3.1c), a town located in 
the Carcarañá river basin in the Pampas region of Argentina, in central-southeast of C?́?rdoba 
province. This region has experienced a dramatic transformation from mostly perennial grasses 
and alfalfa to annual (mostly soybean) cultivation (Figure 3.2) and is representative of the land-
use changes in the region as a whole. Critically, INTA has an experimental alfalfa site and several 
soy sites in this location. Alfalfa is a perennial crop with characteristics similar to those that would 
have dominated the landscape in the 1970s, and soy crops are representative of the region at 
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present. In addition, INTA has long-term WTD observations (see section 3.2.1 and 3.3.1). We 
deployed two eddy covariance towers within the INTA site as part of the RELAMPAGO field  
 
Figure 3.2 Evolution of land use change in Marcos Juarez, also representative of a large region of Argentina (INTA).  
 
campaign. The RELAMPAGO project consisted of an EHOP (see Chapter 2 for more details about 
RELAMPAGO) from 1 June 2018 to 30 April 2019. One of the goals of the EHOP is to understand 
how changes in land cover have affected the partitioning of rainfall between infiltration/runoff and 
impacted the residence times of soil moisture and groundwater in the Carcarañá Basin’s terrestrial 
system. As part of the EHOP, the hydrometeorology team of RELAMPAGO installed thirty 
meteorological stations, including seven eddy covariance towers. The work we present in this 
chapter is based on the two eddy covariance towers located within the INTA experimental site in 
Marcos Juarez Argentina (Figure 3.1).  
   The goals of this chapter are 1) to quantify the differences in energy and moisture fluxes between 
soy and alfalfa using high-resolution intra daily eddy covariance observations obtained from two 
RELAMPAGO flux towers, and 2) to understand the long-term effects of the gradual long-term 
shift from perennial to annual crops on surface, subsurface and atmospheric hydrology of the 
region with the help of a land surface model. The results from this study can be used to interpret 
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long-term ET estimates in this region, which are also useful for INTA. Critically, the results from 
this study have implications for interpreting changes in WTD based on land cover type and climate 
variability (such as El Ni?̃?o and La Ni?̃?a conditions). It is organized as follows: in section 3.2, the 
description of observed data, model specifications and the experimental design are discussed. In 
Section 3.3, the results are discussed and finally, the conclusions are summarized in Section 3.4.  
3.2 Data and methods 
3.2.1 Long-term observations 
    Long-term measurements (1970-2020) of annual mean WTD, precipitation and temperature 
were obtained from the agrometeorological station of the INTA Marcos Juarez. Annual runoff 
measurement from 1980 -2020 was obtained from the streamflow station at Andino (Figure 3.1c). 
The Carcara?̃??́? river drains an area of 60,000 km2 at Andino (60.87 W, 32.67 S), which has long-
term daily discharge information (Source: National Secretary of Water Resources). As such, 
Andino is downstream of Marcos Juarez as well as most of the Carcara?̃??́? river basin. Total runoff 
at Andino was further separated into baseflow and surface flow using Web-based Hydrograph 
Analysis Tool (WHAT) recursive digital filter method (Eckhardt 2012). Throughout the text, 
statistical significance is assessed using the Mann Kendall trend test at 95% significance level. 
Sequential Mann Kendall test (Sneyers 1990; Modarres and Sarhadi 2009) was used to detect 
breakpoints in discharge (see Figure A.5). 
3.2.2 RELAMPAGO 10-month observations 
    To understand the effect of different land use types on the fluxes of energy, moisture and 
momentum along the subsurface-surface and atmosphere continuum, the RELAMPAGO 
Hydrometeorology team installed two eddy covariance towers within the INTA experimental 
station in Marcos Juarez (Figure 3.1c). One of the towers was located within an alfalfa test plot 
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(62° 4.492'W, 32° 42.970'S), while the other one was located in a soy site (62° 5.085'W, 32° 
43.518'S; Figure 3.1c). RELAMPAGO flux measurements are part of the Integrated Surface Flux 
System (ISFS) (https://www.eol.ucar.edu/content/isfs-operations-relampago) maintained by the 
NCAR EOL. 3-D sonic anemometers and H2O/CO2 gas analyzers were used to measure net 
evapotranspiration and surface energy balance. As such, the sensible and latent heat fluxes were 
obtained from sonic anemometer measurements of vertical velocity, temperature and fast-response 
hygrometer measurements of water vapor density. Soil moisture sensors were installed at 5 cm 
depth. Radiation measurements were derived from the radiometers.  
    For this study, we analyze soil moisture (SM), sensible (SH), latent heat fluxes (LH, measured 
by the eddy covariance method), specific humidity (SHM), outgoing shortwave radiation (OSR), 
soil temperature (ST), 2-m temperature (T2m), momentum in zonal and meridional direction (U- 
and V-momentum), and incoming shortwave radiation (ISR). The flux tower measurements were 
available from June 1, 2018 to April 1, 2019. However, good quality soil moisture data was only 
available from November 2018 to March 2019. Continuous groundwater measurements were 
obtained in the soy and alfalfa sites from both automated sensors and manual extraction by INTA 
and data was available from July 2018 to May 2019. 
    Our observations include the full crop planting-harvesting cycle. In Argentina, soy planting 
begins in September-October and planting ends in November, during the months of austral spring. 
December-February is the growing season (austral summer), and harvesting begins in March. 
Harvesting is completed by April-May. During the austral winter months, cover crops are 
sometimes planted to improve soil fertility and quality, as they were during the 2018-2019 season 




Figure 3.3 (a) Noah-MP groundwater model structure (adapted from Niu et al. 2007), zi = height of soil layers, ψ = 
water head, Q = recharge rate (mms-1), z∇ = water table, bot = bottom layer, Wa = water stored in the aquifer (mm), 
Rsb = subsurface discharge (mms-1), (b) LAI and (c) root depth climatology used in the model simulation for soy and 
alfalfa, adapted from Garcia et al. 2017b. 
 
3.2.3 Land surface modeling with Noah-MP 
    Land surface models compute the exchanges of water, heat, radiation and momentum between 
the land and atmosphere (Sellers et al. 1997; Zheng et al. 2019). In this study, we use the Noah-
MP (Niu et al. 2011) model in a column (one-dimensional in the horizontal direction) 
configuration. Noah-MP calculates energy, water, and carbon dioxide fluxes between the 
biosphere and the atmosphere for different vegetation types, with a closed energy budget and 
coupled water cycle. It has been previously implemented to investigate problems related to 
hydrologic cycle in standalone mode (Cai et al. 2014; Martinez et al. 2016a) and coupled with 
WRF (Martinez et al. 2016b; Pal et al. 2019) or WRF-Hydro (Gochis et al. 2018; Pal et al. 2021).  
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    We use the Noah-MP land surface model in ‘offline’ mode with a groundwater scheme (Niu et 
al. 2007). Modeling exercises were necessary to understand the physical processes in the two sites 
with different vegetation and evaluate these processes for periods when we do not have 
observations. The Ball-Berry scheme was chosen for modeling stomatal resistance. Other 
parameterizations of Noah-MP were left as default; such as Monin-Obukhov scheme for surface 
layer drag, Jordan scheme for partitioning precipitation into rainfall and snowfall etc. (Niu et al. 
2011). We do not analyze carbon fluxes in this work, so the carbon and dynamic vegetation module 
was not used. In the default model, vegetation is represented by generic plant functional types, so 
the model needs to be calibrated regionally for the best results. To better represent the soil state 
and ground water-soil moisture interaction, we modified the model soil column to have 14 layers 
(Table A.2) extending from the surface to 4m below (following Miguez-Macho and Fan 2010; 
Martinez et al. 2016a) while the default Noah-MP has only 2m deep soil column (with 4 layers).  
    The model is run with prescribed atmospheric conditions from Global Land Data Assimilation 
System (GLDAS; Rodell et al. 2004) extracted for Marcos Juarez (nearest grid in GLDAS). First, 
we performed two independent experiments named ‘Noah-MP SOY’ and ‘Noah-MP ALFALFA’ 
where the model configuration remains unchanged except for the vegetation parameters in the 
model. The vegetation parameters varied depending on the type of crop were 1) LAI, 2) root depth 
(RD), 3) maximum carboxylation rate (VMAX) in the Farquhar photosynthesis model (Farquhar 
et al. 1980), 4) the slope parameter (MP) and 5) the intercept parameter (BP) in the Ball-Berry 
stomatal conductance model (Ball et al. 1987). VMAX, BP and MP controls the ET by controlling 









𝑃𝑎𝑖𝑟 +  𝐵𝑃 
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Where ‘A’ is photosynthesis rates per unit LAI of leaves, which is controlled by VMAX. Cair is 
the CO2 concentration at leaf surface, Pair is the surface air pressure. Eair and esat are vapor pressure 
at leaf surface and saturation vapor pressure at leaf surface temperature, respectively. Simulated 
ET is highly sensitive to these parameters of Noah-MP (Cuntz et al. 2016). Other vegetation 
parameters (e.g. leaf reflectivity, stem reflectivity, vegetation height, height of lower canopy bound 
etc.) for the Noah-MP ALFALFA and Noah-MP SOY simulations were kept as default Noah-MP 
values of ‘Grasslands’ and ‘Croplands’ modified IGBP MODIS 20-category vegetation, 
respectively. The soil type was taken as silty clay loam for both sites.  
    The climatology of LAI and RD for the two vegetation types were obtained from literature 
(Figure 2 of Garcia et al. 2017b). Alfalfa grows during the whole year and has a deeper root system 
(3.5 m), while soy crops occupy the field only for 4-5 months. In Noah-MP, we provided the root 
depth monthly climatology and prescribed monthly LAI climatology (Figure 3.3b, 3.3c) from 
Garcia et al. (2017b). As such, we did not use dynamic root or dynamic vegetation calculations. 
There are some remotely sensed LAI products available in this region, but they do not accurately 
represent the LAI climatology of these two specific vegetations, so we relied on this local literature 
reported LAI estimates. The two short-term simulations Noah-MP ALFALFA and Noah-MP SOY 
were performed to calibrate and validate the model at the two sites (see section 3.2.3.1 and section 
3.3.3). The complete list of modeling experiments is presented in Table 3.1.  
    Using the calibrated model (see section 3.2.3.1) we performed two long-term simulations for 
100% alfalfa and 100% soy conditions for the period January 1970 - December 2018 (Noah-MP 
ALFALFA LT and Noah-MP SOY LT, respectively in Table 3.1). The calibrated parameters for 
the two vegetation types are used in the long-term simulations, and the GLDAS forcing for 1970-
2018 was used to capture the interannual variability of the model inputs. These simulations provide 
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components of the annual water budget in the two different vegetation scenarios. It is worth 
mentioning here that these two scenarios are the two extremes of land use, and the actual transient  






Vegetation Forcing Purpose 
Noah-MP 
ALFALFA 
June 1, 2018 - 
April 1, 2019 




June 1, 2018 - 
April 1, 2019 








100% alfalfa GLDAS 
Long term 
estimates of 







100% soy GLDAS 
Long term 
estimates of 
water budget and 
surface fluxes 
 
land use would fall somewhere in between. However, this kind of experiment helps us understand 
the possible largest extent of transformation in hydrology due to land use change in this region. In 
our modeling experiment, we do not take into account the effect of lateral flow (which might be 
generated by heterogeneous land cover) at inter-annual time scale. We spin up the model for 40 
years for both scenarios and use the final SM and WTD as the initial condition for the analyzed 
simulations.  
3.2.3.1 Calibration 
    In Noah-MP, ET is most sensitive to the vegetation parameters VMAX, BP and MP (Cuntz et 
al. 2016). So, these parameters were obtained by calibration of the model based on RELAMPAGO 
flux tower observations of daily LH flux at both sites. All other parameters of the model were kept 
constant as the default configuration (section 3.2.3). The calibration was performed in a shuffle 
complex evolution method (Duan et al. 1993) minimizing the root mean square error (RMSE) of 
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daily LHF data. Python SPOTPY package (Houska et al. 2015) was used to carry out the 
calibration. By this method, we can make realistic estimates of land surface variables at these two 
sites using Noah-MP (which previously had default generic crop parameters). The model was 
calibrated separately with respect to daily LH flux data at both the sites to obtain the above-
mentioned vegetation parameters. It is worth remembering here that our main goal from these 
modeling exercises is to obtain realistic water and energy balances for these two types of 
vegetations. LH is a major part of both energy and water balance (as ET). Hence, we preferred to 
calibrate the model based on the common link (ET) of these two budget equations. The model was 
validated on the other variables during the same time period (June 1, 2018 - April 1, 2019) at those 
sites (see Figures 3.9b, e, d, f). 
    The results of calibration and validation is summarized in Table 3.2. For the soy (alfalfa) site, 
the parameters found were: VMAX = 132.425 (136.734), BP = 1580.63 (2041), MP = 6.89 (5.95). 
The model performance was validated against SH and SM, at a daily scale, at both sites. The 
performance was significantly improved from the default parameter combinations, which 
underestimated the latent heat fluxes at both the sites. These calibrated parameters were used in 
the long-term simulations Noah-MP ALFALFA LT and Noah-MP SOY LT. 
Table 3.2 Calibration and validation of Noah-MP at daily scale at the two sites. CC = correlation coefficient, RMSE 
= root mean square error. 
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0.62 24.62 0.64 20.1 
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3.3 Results and discussion 
3.3.1 Analysis of Long-Term Data 
    In 1970, the water table was nearly 11 m deep, however, there has been a steady rise (statistically 
significant decreasing trend) of the water table and now it is approximately 2 m below ground at 
Marcos Juarez (Figure 3.4a). This trend does not seem to be related to climatic variables, e.g., 
precipitation and temperature. Annual mean precipitation shows a slight statistically non- 
significant decreasing trend (Figure 3.4b) and annual mean temperature shows a statistically 
significant increasing trend (Figure 3.4c).  
 
Figure 3.4 Long-term time series of annual mean (a) WTD, (b) precipitation and (c) temperature at Marcos Juarez 
based on the Agrometeorological Station of the INTA Marcos Juárez and manual WTD observations.  
 
    Streamflow at Andino has a statistically significant increasing trend, especially after 2000 
(Figure 3.5). The increasing trend in total flow is a result of both increased baseflow (statistically 
significant trend) and surface flow (statistically non-significant trend, Figure 3.5a). The year 2000 
was found to be a year of change-point of trend (sequential Man-Kendall test, Figure A.5). After 
2000, baseflow has increased in the months of March and April; whereas surface flow has 
increased remarkably in February, March and October (Figure 3.5b). The combined effect of 
surface runoff and baseflow has resulted in the overall increase in streamflow at the Andino 




Figure 3.5 (a) Annual mean streamflow at Andino (1980-2016). Linear fit lines (solid straight lines) are also included. 
Monthly mean streamflow before and after 2000 separated into (b) total, (c) baseflow and (d) surface flow. cms = 
cubic meter per second. 
 
3.3.2 Analysis of RELAMPAGO data 
    The analysis of the RELAMPAGO flux towers data is limited to the period June 1, 2018 to April 
1, 2019 which corresponds to the EHOP. Figure 3.6 presents values at 1) sub-daily, 2) daily and 
3) monthly timescale.  
   Hourly fluxes of sensible and latent heat in the soy and the alfalfa site show different 
characteristics. Diurnal cycles of LH and SH at both sites peak around 16 UTC (1 PM local time, 
Figures 3.6a,d). The difference in magnitude is nominal at nighttime, and it increases during 
daytime. During most months, LH (SH) was higher at the alfalfa (soy) site than in the soy (alfalfa) 
site. The highest differences in the diurnal cycles of LH (SH) is found in December (October). 
Sub-daily values of LH (SH) are comparable in the months of January and March (February and 
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March). 2) Daily values of LH fluxes are higher for alfalfa during most of the year, except for 
January, February and March, which correspond to the peak of the soy growing season when  
   
Figure 3.6 Diurnal, daily and monthly values of latent (a, b, c) and sensible heat flux (d, e, f) respectively at Marcos 
Juarez as observed by EOL towers during RELAMPAGO. 
 
the annual crops are transpiring vigorously (Figure 3.6b and 3.6e). Daily values of SHF are much 
higher for soy in all months, except February (Figure 3.6e). 3) Monthly mean values reinforce 
these facts (Figures 3.6c,f). LH for alfalfa (soy) peaks in December (January). SH for alfalfa (soy) 
peaks in February (December). This is related to the phenology of crops in this region (see section 
3.2.2 and Figures 3.3b-c). Crops transpire most during the end of the growing season when they 
are mature. At the beginning of the growing season, sensible heat is maximized. Based on our eddy 
covariance measurements, the accumulated 10-month ET of soy was found to be approximately 
550 mm while for alfalfa it was around 880 mm. 
    In addition to sensible and latent heat, we analyzed specific humidity (SHM), outgoing 
shortwave radiation (OSR), soil temperature (ST), T2m, U- and V-momentum and incoming 
shortwave radiation (ISR) measurements from the two sites. SHM is higher at the Alfalfa site in 
all months except February and March at sub-daily, daily and monthly scale (Figures 3.7a-c). The 




Figure 3.7 Diurnal, daily and monthly values of specific humidity (a, b, c), outgoing shortwave radiation (d, e, f) and 
soil temperature (g, h, i) respectively at Marcos Juarez as observed by EOL towers during RELAMPAGO. 
 
due to higher transpiration of the plants. OSR is higher at the soy site in all months (Figures 3.7d-
f). This is likely related to higher albedo of soy when compared to alfalfa. This radiative effect 
alters the net incoming solar radiation. Soil temperature is higher at the soy site in all months, 




Figure 3.8 WTD at Marcos Juarez as measured by INTA during the RELAMPAGO period. 
 
(Figures 3.6d-f). No significant differences were found for T2m, U- and V-momentum and ISR 
(not shown). This indicates that thermodynamic properties are altered by the change in vegetation, 
but not the dynamic properties.  
    The water table is shallower at the soy site (Figure 3.8) by more than 1 meter and this difference 
increases in summer months when we see a sharp increase in the water table following the first 
rains (November- February). We also see that the automated WTD measurements (continuous 
line) agree with the manual observations (points). It is worth mentioning here that these 
measurements are critical in this region, as satellite estimates like GRACE fail to show the 
variation in WTD (Figure A.6), most likely due to its coarse resolution. 
3.3.3 Model validation 
    When compared to observations, the Noah-MP calibrated model performs realistically for both 
the sites (Figure 3.9) at daily scale. LH flux at the soy site was well represented by the model, 




    
Figure 3.9 Calibrated Noah-MP model output at soy (a, b, c) and alfalfa site (d, e, f) as compared with EOL flux 
tower observation during the RELAMPAGO period. Missing/ unusual soil moisture data is omitted from the plots. 
 
was slightly underestimated during some days in the Spring and overestimated in the summer 
months (Figure 3.9b). SH was slightly underestimated by Noah-MP at the soy site and 
overestimated at the alfalfa site (Figures 3.9c-d). The model does a reasonable job (Figures 3.9e-
f) in simulating the top layer SM (0-5cm), unfortunately, we do not have SM observations until 
November of 2018. The discrepancies between model simulated fluxes and observations can be 
attributed to the simple structure of the Noah-MP model and calibration of limited variables within 
the model. Noah-MP assumes uniform soil with depth, uniform root distribution throughout the 
63 
 
soil layers, and ignores hydraulic redistribution, all of which can play a role in modifying the 
amounts of SH and LH fluxes. However, for the purposes of this study, we are interested in 
comparing the representation of the two different vegetation types to understand the long-term 
effect of such changes in the fluxes of energy and moisture. Also, realistic land surface modeling 
complements the observations in terms of gap filling of missing values, which were commonly 
experienced in these types of measurements. 
3.3.4 Long-term water and energy balance of the two experiments 
    To understand how changes in agricultural practices might have changed the fluxes of water 
and energy, we performed two idealized long-term Noah-MP simulations for the period 1970-
2018. In one simulation we set the land cover as soy (Noah-MP SOY LT, Table 3.1), while in the 
other simulation, it was alfalfa (Noah-MP ALFALFA LT, Table 3.1).  Both the simulations have 
the same atmospheric forcing for the 49-year period. The annual mean values of different  
 
Figure 3.10 Long term annual estimates of precipitation, ET, runoff and recharge in (a) 100% alfalfa and (c) 100% 





Figure 3.11 Long term annual estimates of LHF and SHF in (a) 100% alfalfa and (c) 100% soy simulations. Bowen 
ratio is shown with the green line (secondary axis). Average partitioning of available energy in (b) alfalfa and (d) soy 
as calculated over the period 1970-2018. 
 
components of the water budget (P = ET + R+ SR, where P = precipitation, ET = 
evapotranspiration, R = Recharge, SR = surface runoff, ignoring storage) of the two simulations 
are shown in Figure 3.10.  
    At the Alfalfa site, long-term average water balance reveals that ET is the dominant component 
(Figure 3.10a). Most of the incoming precipitation is evaporated (94.5%). Little goes into the 
aquifer as recharge (4.6%), along with negligible surface runoff (0.9%). This kind of partitioning 
of precipitation is realistic in this region (Rodriguez et al. 2020; Gim?́?nez et al. 2020). This is due 
to high evaporative potential of alfalfa, adequate water availability, and flatness of the region 
which results in very little surface runoff. The partitioning of incoming precipitation is different at 
the soy site (Figure 3.10b). In this case, a significant amount of precipitated water goes into the 
aquifer as recharge (28.4%). This is a result of significantly less evaporation at the soy site (68.1%), 
when compared to alfalfa. The surface runoff component at the soy site is slightly higher (3.5%), 
but still negligible compared to the evaporation and recharge.       
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    Hence, changing pasture to cropland results in four-fold increase in runoff and six-fold increase 
in deep recharge. These results are consistent with previous literature and observations (Nosetto et 
al. 2015; Rodriguez et al. 2020). The change in land use in this region results in more recharge, 
which contributes to a shallower WTD and higher baseflow observed in recent years (Figure 3.3 
and Figure 3.4). In other words, the moisture that would have entered the atmosphere in an alfalfa 
vegetated region is being accumulated below ground due to the shift in land use to soy. This shift 
in regime transforms the subsurface hydrology in terms of WTD, baseflow and SM.  
    Analyzing the partitioning of available energy, defined as the summation of LH and SH 
(Shuttleworth 2012), we find that LH is the dominant surface flux component in both the 
vegetations (Figure 3.11). However, the balance is significantly different when comparing alfalfa 
and soy. LH accounts for 85% of available energy over alfalfa while it accounts for 59% over soy. 
On the other hand, 15% of the available energy over alfalfa goes into SH, while it is 41% over soy. 
The Bowen ratio (
𝑆𝐻
𝐿𝐻
) reiterates this fact with mean values of 0.2 over alfalfa and 0.7 over soy. 
Interestingly, there is a statistically significant increasing trend in the Bowen ratio in the Noah-MP 
SOY LT simulation (p = 0.014), which is consistent with Zeng et al. (2020), and indicates a 
possible global warming signature further enhanced by agriculture. In other words, the recent 
atmosphere is having a significantly higher sensible heat flux in the spring and summer months, 
compared to previous decades and this is highlighted only in the soy simulation. This could also 
have a potential impact on the overlying atmosphere, given this region is characterized by strong 
L-A coupling (Ruscica et al. 2015).  
3.3.5 Idealized transient land cover analysis 
    In the previous section, 100% soy and 100% alfalfa idealized simulations were used to estimate 
the long-term changes in the water fluxes. However, we wanted to estimate the effects of a transient 
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land cover which is similar to what happened historically (Figure 3.2). To estimate the transient 
moisture and energy fluxes, we used the yearly land cover changes for the region from Figure 3.2. 
It is important to highlight that, in reality, land cover in the region changed from mostly grasses 
and perennial crops like alfalfa, to a mixture of annual crops including soy, corn, wheat and other 
crops. Our simulations greatly simplify this complexity by assuming that the land cover is 
composed of a mixture of only alfalfa and soy. Furthermore, we do not account for the use of cover 
crops, despite the fact that these are sometimes used during the winter months. This will provide 
a first-order idea of the transient fluxes but will likely not reflect the actual historical conditions. 
The annual values were calculated based on a weighted “tile” approach commonly used in land 
surface models. For example, ith year values of latent heat flux (LHi) were calculated as:  
𝐿𝐻𝑖 =  
𝐿𝐻𝑎𝑙𝑓𝑎𝑙𝑓𝑎 ∗ (% 𝑎𝑙𝑓𝑎𝑙𝑓𝑎) + 𝐿𝐻𝑠𝑜𝑦 ∗ (% 𝑠𝑜𝑦)
100
 
    This method was followed for other variables as well (Figures 3.12a-d). The figures reveal that 
a gradual land use change pattern from alfalfa to soy, results in decreased LH and increased SH. 
Similarly, annual recharge and runoff increase over time. Our results show a decreasing trend of 
ET, increasing trend of SHF, increasing trend of annual recharge (not statistically significant), and 
increasing trend of surface runoff (not statistically significant). Nonetheless, these long-term trends 
agree in sign with the observations. Increased recharge and runoff are reflected in increased 
baseflow and storm flow of the Carcarañá river (Figure 3.4). Along with decreasing WTD, this 
poses a higher flooding risk in the region in recent years, which is reported in many studies (Aragón 
et al. 2010, Nosetto et al. 2012).  
    Finally, we argue that the changes in WTD over the years is partially linked to the transient 




Figure 3.12 Long term estimates of annual mean (a) latent heat flux, (b) sensible heat flux, (c) recharge, and (d) 
runoff, according to the land use estimates of Figure 3.2. The dashed lines show the linear trends. Decreasing trend 
of ET was found statistically significant at 95% (p = 6.6x10-6), increasing trend of SHF was found statistically 
significant at 95% (p = 2.07x10-5), increasing trend of annual recharge was not found statistically significant at 95% 
(p = 0.2665), increasing trend of surface runoff was not found statistically significant at 95% (p = 0.0016). 
 
 





Figure 3.14 Effect of vegetation on the changes in WTD in different climatic years as simulated by Noah-MP. El Ni?̃?o 
and La Ni?̃?a years were identified based on Oceanic Ni?̃?o Index (https://ggweather.com/enso/oni.htm). The solid lines 
show the linear trends in the data.  
 
of WTD because we lack information about the specific yield of the unconfined aquifer and 
because we were unable to simulate lateral groundwater flow in the one-column Noah-MP 
configuration (Niu et al. 2007). Due to these uncertainties in the groundwater scheme, we can only 
infer how changes in the WTD could be related to changes in recharge. We see a slight increase 
(not statistically significant) in annual recharge throughout the period (Figure 3.12c), and 
therefore, the simulated trend in recharge would not solely account for the 10m decrease in WTD 
found in observations (Figure 3.4a).  However, we find a significant temporal correlation (R = 
0.54) between interannual changes in WTD change and transient recharge (Figure 3.13). This 
indicates that changes in recharge driven primarily by climate variability as represented by Noah-
MP, correlate well with WTD observations. This result agrees with Mercau et al. (2016), who 
related annual changes in WTD to annual balance between precipitation and evaporation (P-E). 
However, these changes are also controlled by the type of vegetation. For example, changes in 
WTD are more pronounced when there is soy rather than alfalfa (Figure 3.14). This is notable in 
the El Ni?̃?o years (when precipitation is higher than normal in SESA, Cai et al. 2020). While 
69 
 
alfalfa can still use most of the excess water as ET, land planted with soy experiences 
comparatively larger changes in WTD (with the help of more recharge, from Figure 3.13). This 
can pose a difference of as large as 1 m between these two vegetation types. In the La Ni?̃?a years 
(precipitation below normal in SESA), vegetation has less impact on WTD change, since less water 
is available for recharge. Hence, we conclude that interannual variability in recharge and 
groundwater table depth are partially controlled by interannual climate variability and partially 
controlled by vegetation type. As such, the probability of large changes in WTD during El Ni?̌?o/ 
Southern Oscillation (ENSO) events is exacerbated when the land cover is switched from alfalfa 
to soy. 
3.4 Conclusions 
    In the past decades, there has been a dramatic shift of land cover in central Argentina from 
perennial to annual crops. These changes came about due to technological advances, global 
economic shifts and national policies. In this chapter, we use detailed observations and modeling 
to understand how the shift in land cover has also affected the sub-surface, surface and atmospheric 
fluxes of moisture and energy. Long-term observations have shown that, despite slightly 
decreasing precipitation, streamflow in the region has increased primarily due to baseflow. In 
addition, WTD has decreased significantly since the 1970s. The RELAMPAGO field campaign 
provided us with the opportunity to observe the hydrometeorology of the region using a paired 
eddy-covariance tower site in Marcos Juarez, Argentina. We installed the towers within the INTA 
experimental station which has an alfalfa experimental site along with soy crops. The alfalfa 
experimental site reflects conditions similar to those that prevailed in the 1970s, while the soy site 
is characteristic of the present-day land cover.  
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    Our observations revealed that ET and specific humidity are higher at the alfalfa site, 
particularly for the period of July-December. The alfalfa site also has a deeper WTD. On the other 
hand, sensible heat, outgoing shortwave radiation and soil temperature are higher at the soy site. 
The higher sensible heat in the soy crop between the months of June and December is particularly 
striking. No significant differences were found in the other variables such as 2-m temperature, U- 
and V-momentum and incoming shortwave radiation. These observations were also used to 
calibrate Noah-MP land surface model parameters for this region.  
    Long-term Noah-MP simulations revealed that different land-surface properties affect the 
partitioning of rainfall between ET, recharge and runoff. ET is significantly higher for alfalfa. 
Moreover, the long-term simulations suggest that ~95% of precipitation is evaporated in the alfalfa 
site with negligible recharge and runoff. On the other hand, ET in the soy site accounts for ~68% 
of precipitation. The recharge significantly increases in case of soy (~28% from ~5% in alfalfa). 
Runoff also increases from 0.9% in alfalfa to 3.5% in soy. Significantly higher recharge in soy 
would result in higher baseflow and shallower water table, as we have seen in the observations. 
However, the simulated increase in recharge in the transient simulation is not able to account for 
the dramatic observed change in WTD.  It is important to highlight that our experimental setup is 
highly simplified, with predefined LAI and root values and only one crop type in each simulation. 
More realistic estimates would require flux tower observations over other types of crops such as 
winter wheat, corn and cover crops. These land cover types likely have characteristic moisture and 
energy fluxes in between the soy and alfalfa. Furthermore, we do not explicitly simulate WTD due 
to the fact that the one-dimensional model does not account for lateral groundwater flow and 
unknown aquifer related data. However, these results show that, given identical climate conditions, 
the different land covers result in a very different partitioning of precipitation. Higher recharge in 
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the soy scenario contributes to lower WTD and more runoff. The effect on WTD is even more 
pronounced in El Ni?̃?o years when higher than normal precipitation is available, and the soy 
scenario shows more significant changes in WTD than the alfalfa scenario. 
    Our results suggest that the large-scale changes in land cover in Argentina have likely affected 
sub-surface, surface and atmospheric fluxes of moisture and energy. When compared to perennial 
land cover, annual crops such as soy result in a shallower and more variable water table, increased 
runoff driven by baseflow increases, decreased ET and increased sensible heat. In other words, 
much of the water that was going into the atmosphere in the 1970s is now going into the surface 
and subsurface. Furthermore, the energy that was being used to evaporate the water is now going 
into sensible heat, and this results in a dramatic 250% increase in the Bowen ratio. The implications 













CHAPTER 4: IMPACTS OF LAND USE CHANGE ON THE NEAR-SURFACE 
ATMOSPHERE AND MESOSCALE CONVECTIVE SYSTEMS OVER 
SOUTHEASTERN SOUTH AMERICA 
    Annual crops, mainly soy, have gradually replaced natural pastures and alfalfa in SESA since 
the 1970s (Chapter 3). This chapter investigates the impacts of such land use changes on the 
overlying atmosphere. Observations from the RELAMPAGO field campaign revealed that during 
the austral Spring season, soy has lower evapotranspiration (ET) and higher sensible heat (SH) 
compared to alfalfa. Simulations using the Noah-MP land surface model, uncoupled and coupled 
to the atmospheric model WRF, were performed with idealized crop (representing current) and 
pasture (representing historic) conditions (SOY and ALFALFA, respectively) in SESA. The 
uncoupled simulations revealed that a large area of SESA has warmer (higher SH) and drier (less 
LH) Spring in the SOY scenario. Moreover, shallower water tables in SOY caused a domain wide 
increase in soil moisture. Coupled simulations considered atmospheric feedback and indicated 
higher near-surface temperature, lower humidity, and reduced net radiation in SOY. Additional 
high-resolution ensemble WRF simulations were performed to simulate three extreme 
hydrometeorological events during the 2018 Spring. The storms were significantly different in the 
two scenarios. The storms in the SOY scenario were larger and produced more precipitation than 
the storms in the ALFALFA scenario, implying the potential of land use to modify the deep 
convective storms and extreme precipitation in SESA. The results from this study have 
implications for understanding the potential role of land use changes in the observed increasing 






    Plants exert strong controls over hydrologic variables through their influence on the moisture, 
energy and momentum budgets. Surface albedo, leaf area seasonality, surface roughness length, 
stomatal resistance, and root depth determine plants’ interaction with their environment (Pielke 
and Avissar 1990; Stohlgren et al. 1998; Pielke et al. 2007). Since the 1970s, there has been a 
dramatic expansion of grain production systems in SESA due to non-tillage techniques, genetically 
modified crops, and the demand for soybean from Asian countries (Baldi and Paruelo 2008; 
Nosetto et al. 2015). Critically, annual crops have replaced the natural pasture and perennial crops. 
Land-Use Harmonization (LUH2; Hurtt et al. 2019) dataset provides global estimates of fractional 
land use patterns at 0.25 x 0.25-degree spatial resolution. Figure 4.1 illustrates the area of land 
covered by alfalfa (rangeland and C3 perennial crops in LUH2 v2h) and soy (C3 annual crops in 
LUH2 v2h) in the years 1970-2015 in SESA. In 1970, SESA had a total alfalfa area of 117 million 
hectare (Mha) and the area covered by soy was only 12 Mha. Total soy area (gray shading) nearly 
tripled to 33 Mha by 2015 and total alfalfa area (green contours) shrunk to 98 Mha.  
    This dramatic change has significant impacts on the ground water table, soil moisture and 
surface runoff of this region (Nosetto et al. 2012, Nosetto et al. 2015, Pal et al. 2021b). Previous 
studies found shallowing in groundwater tables, along with increased soil moisture and increased 
surface runoff in the soy sites, when compared to alfalfa. Land use change (LUC) in SESA can 
also affect the overlying atmosphere through modifications in the water and energy budgets 
(Chapter 3). When compared to annual crops, alfalfa pastures have significantly deeper root 
systems and higher leaf area (Ridley et al. 2001), which in combination with their year-long 
activity makes them much more efficient at transpiring. Large differences also arise at the 




Figure 4.1 Land use dynamics of soy (gray shading) and alfalfa (green contours) over SESA in (a) 1970, (b) 1980, 
(c) 1990, (d) 2000, (e) 2010, and (f) 2015 as plotted using new generation ‘land use harmonization’ (LUH2) data 
(Hurtt et al. 2019). The total area of soy and alfalfa in the entire domain is printed on the bottom right corner of each 
subplot in gray and green color, respectively. Mha = million hectare.  
 
SH flux associated with soy crops is much higher than that of alfalfa (Pal et al. 2021b). Thus, 
changes in land use in the region can affect the subsurface, surface and atmospheric branches of 
the hydrologic cycle. 
    There is a lack of work regarding the impact of LUC on regional climate in non-Amazonian 
South America where remarkable LUC has recently occurred (Salazar et al. 2015). Furthermore, 
the studies investigating regional climate impact provided different conclusions. Beltrán-Przekurat 
et al. (2012) found a cooling trend with no change in precipitation due to significant change from 
grassland to cropland. Lee and Berbery (2011), on the other hand, found an increase (decrease) in 
surface temperature as well as precipitation over southern (northern) LPB. Loarie et al. (2011) 
reported an increase in albedo due to land use change over SESA. Overall, the results are 
inconclusive and the sign of the changes in regional climate variables associated with LUC varies 
between studies. Even though significant albedo variations were reported, most of the studies 
attributed the net change in temperature and precipitation after LUC to shifts in latent and sensible 
heat fluxes. Furthermore, the hydroclimate of SESA is affected by interactions with shallow 
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groundwater (Martinez et al. 2016a). Since the LUC results in significant changes in surface fluxes 
and WTD (Nosetto et al. 2015; Pal et al. 2021b), it is very likely that local hydroclimate will also 
alter due to changes in interactions between vegetation and groundwater. 
    SESA is a “hot spot” for L-A interactions over South America. Several studies have found 
substantial feedback between soil moisture and precipitation in this region (Saulo et al. 2010; Zeng 
et al. 2010; Sörensson and Menéndez 2011; Ruscica et al. 2014a, b; Spennemann and Saulo 2015; 
Yang and Dominguez 2019). Furthermore, some of the world’s deepest and largest deep 
convective storms develop at the foothills of the SDC- a secondary mountain range, east of the 
Andes, located in central Argentina (Zipser et al. 2006). These intense and frequent convective 
storms organize into MCSs and then travel toward the eastern part of Argentina (Salio et al. 2002; 
Salio et al. 2007; Rasmussen et al. 2014; Vidal 2014) affecting the LPB. As they travel east, the 
storms traverse the rich agricultural land of central Argentina. These storms are a major contributor 
to extreme precipitation over SESA (Rasmussen et al. 2016; Pal et al. 2021a). The impact of the 
large-scale changes in land use on these storms has been a long-standing research question. Doyle 
et al. (2013) used a numerical modeling experiment to understand the sensitivity of an MCS that 
developed over northern Argentina to soil moisture conditions. They showed that changes in soil 
moisture conditions impact the location, timing and intensity of precipitation. However, the 
impacts of vegetation, and in particular the changes in vegetation on the formation and evolution 
of MCSs of this region is yet to be investigated.  
    There is compelling evidence in previous literature that precipitation extremes are increasing in 
SESA. Re and Barros (2009) found positive trends in extreme daily precipitations in most of 
central Argentina and southern Brazil. Penalba and Robledo (2009) also found an increase in heavy 
daily rainfall events in similar regions. Doyle et al. (2012) concluded that monthly extreme 
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precipitation has increased since the 1970s, especially in the spring and warm months. They 
speculated that higher rainfall from the MCSs in recent days might be the reason behind the trends. 
Carvalho (2020) reviewed multiple papers on the precipitation trends in the Americas and found 
overall positive trends in subtropical South America, especially in southern LPB (southern Brazil, 
Uruguay and Northeast Argentina). Zilli and Carvalho (2021) attributed these precipitation trends 
partially to anthropogenic land use change.  
    Furthermore, changes in climatic extremes in terms of 27 indices are estimated in the Regional 
climate center (https://www.crc-sas.org/es/climatologia_extremos_climaticos.php) for the South 
of South America (CRC-SAS network) as suggested by The Expert Team on Climate Change 
Detection and Indices (ETCCDI). These indices are also used by the Intergovernmental Panel on 
Climate Change (IPCC) to address climate change questions. The indices calculated from daily 
data indicate that there is an increasing trend in the intensity of extreme precipitation over SESA. 
These changes can be driven by both climate change (global warming) and human-induced LUC. 
It is critical to understand if the modification of land surface due to human intervention is 
contributing to the changes in extremes.  
    In this study, we investigate the impacts of only LUC (alfalfa to soy) on the atmosphere and the 
MCSs in this region using ‘uncoupled’ and ‘coupled’ land-atmosphere models. Noah-MP (Niu et 
al. 2011) with added groundwater representation capability is used as the LSM and WRF (version 
3.8.1, Skamarock et al. 2008) model is used as the atmospheric model. This research is based on 
the analysis of model simulations of SON 2018 and the simulations of three events identified 
during these three months. We choose the Spring season because the differences in surface fluxes 
between alfalfa and soy are largest during SON. The year 2018 was chosen because we use data 
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from the RELAMPAGO (2018) project and because it was a neutral ENSO year, having minimum 
large-scale influences (i.e. El Ni?̌?o or La Ni?̌?a-like conditions) on the precipitation of SESA. 
 
Figure 4.2 Idealized land use scenarios (a) SOY and (b) ALFALFA in SESA according to the MODIS 20-category 
land use. The LPB boundary is indicated by a red polygon. 
 
4.2 Data and methods 
4.2.1 Domain and land use scenarios 
    Our modeling analysis covers SESA (20o-43oS, 41o-75oW), which includes northern Argentina, 
Chile, Paraguay, Uruguay, southern Bolivia and southeastern Brazil (SEB; see Figure 4.2). The 
domain encompasses a major part of the LPB, where LUC has been reported in multiple studies 
(Baldi et al. 2008; Lee and Berbery 2011; Pessacg and Solman 2012). We consider two idealized 
land use scenarios: SOY and ALFALFA representing current land use and historic pastureland 
scenario where all croplands were replaced by alfalfa, respectively (Figure 4.2). In the model, the 
‘cropland’ category is associated with the SOY scenario and ‘grassland’ category is associated 
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with the ALFALFA scenario (see section 4.2.3). In the SOY scenario, most of the crops (soy) are 
located in northeastern Argentina and southern Uruguay (located in lower LPB, see Figure A.7) 
according to MODIS. A few patches of soy are also located in SEB (located in upper LPB). In the 
ALFALFA scenario, vegetation of all these grids is replaced by alfalfa. Throughout the text, ‘local’ 
changes indicate the surface, subsurface or atmospheric changes at the grid cells where the land 
use was changed. ‘non-local’ indicates changes propagated to locations where land use was not 
modified. It is worth mentioning here that these two scenarios are the two extremes of land use, 
and the actual transient land use would fall somewhere in between. However, this kind of 
experiment helps us understand the possible largest extent of transformation in hydroclimatology 
due to land use change in this region (Following Pal et al. 2021b).  
4.2.2 Gridded observations for model evaluation 
    Model performances were evaluated in terms of precipitation and 2-m temperature at the 
seasonal scale. For precipitation, we use GPM-IMERG products. The Level 3, 30 minutes gridded 
precipitation product at 0.1o x 0.1o were obtained from https://gpm.nasa.gov/data/imerg. For 
temperature, daily station-based gridded data from the Global Historical Climatology Network 
(GHCN) were used (Menne et al. 2012). Also, the recent reanalysis ERA5 from the ECMWF with 
a horizontal grid spacing of ∼ 31 km (TL639 spectral grid) was used to compare and force the 
atmospheric model. For the event scale, only IMERG precipitation was used for validation.  
4.2.3 RELAMPAGO data and calibration of Noah-MP 
    The RELAMPAGO hydrometeorology team installed two eddy covariance towers within the 
INTA experimental station in Marcos Juarez (see Chapter 3 for the details) to understand the 
effects of different  land use types on the fluxes of energy, moisture and momentum along the 
subsurface-surface and atmosphere continuum. One of the towers was located within an alfalfa 
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test plot, while the other one was in a soy site. Daily LH flux data from both sites for the period 
June 1, 2018 to April 1, 2019 were used to calibrate the most sensitive vegetation parameters 
maximum carboxylation rate (VMAX), the intercept parameter (BP) and the slope parameter 
(MP), to realistically simulate ET in both land use scenarios. The climatology of LAI and root 
depth for the two vegetation types were obtained from literature (Pal et al. 2021b). In this study, 
the Noah-MP configuration with the calibrated vegetation parameters of soy (alfalfa) site is named  
Table 4.1 List of long-term simulations performed in this study. 
 









1 year (with 
20 year spin 
up) 
SOY uncoupled 
Provide initial land 
condition for the 
WRF15_SOY simulations 
NOAH20_ALFALFA 
1 year (with 
20 year spin 
up) 
ALFALFA uncoupled 
Provide initial land 




2018 Jan - 
2018 Dec 
SOY coupled 
Compare with uncoupled 
runs + Initial atmospheric 
condition for the event-
based simulations 
WRF15_ALFALFA 
2018 Jan - 
2018 Dec 
ALFALFA coupled 
Compare with uncoupled 
runs + Initial atmospheric 
condition for the event-
based simulations 
 
SOY (ALFALFA). The key differences between SOY and ALFALFA scenario in terms of Noah-
MP model parameters are shown in Table A.3.  
4.2.4 Uncoupled Noah-MP modeling 
    This research uses the calibrated Noah-MP as the offline or uncoupled model at 20 km grid 
spacing (time step of 30 min) for both SOY (Noah20_SOY) and ALFALFA (Noah20_ALFALFA) 
scenarios. The simulation period was Jan 1, 2018 - Dec 31, 2018. The soil column of the model 
was modified to include 14 layers, stretched to 4m depth from land surface using the same setup 
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as Martinez et al. (2016b), modified from the default Noah-MP with four soil layers extending up 
to 2-m from the land surface. We also use the MMF groundwater scheme (Miguez-Macho et al. 
2007) to improve the representation of soil moisture and ET by the inclusion of a shallow water 
table. This scheme also allows lateral movement of the groundwater, measured by the horizontal 
flow between each grid cell and its neighboring cells. The soil moisture and water table of the 
uncoupled model require multiple years of spin up to reach a steady state. The model was spun up 
iteratively 20 times with a 1-year simulation to converge on steady states for the soil moisture and 
water table. The year 2018 was used and the forcing was the same for each iterative run. The model 
is run with prescribed atmospheric conditions from GLDAS, regridded to a 20-km regular grid. 
The model domain is similar to the WRF model domain d01 shown in Figure 4.2a. The complete 
suite of long-term experiments for this study is listed in Table 4.1. Results from SON 2018 are 
analyzed. 
4.2.5 Coupled modeling with WRF 
    The calibrated Noah-MP was coupled to WRF to investigate the impacts of two different land 
use scenarios on the overlying atmosphere and the simulated storms. Two different types of WRF  
 
Figure 4.3 WRF domain set up for WRF15 (d01) and WRF3 (d02) simulations. Terrain height in meters is shaded. 




simulations were performed: 1) year-long simulations at 15-km resolution, and 2) event-based 
simulations at 3-km resolution. First, year-long simulations were carried out for SOY and 
ALFALFA scenarios over domain d01 (Figure 4.3) for the period Jan 1, 2018 - Dec 31, 2018 
(Table 4.1). The ERA5 reanalysis was used as model boundary forcing. The initial land-surface 
Table 4.2 List of event-based simulations performed in this study. 
Event 







E1S1 October 21 09 UTC 75 hours SOY 
E1S2 October 21 12 UTC 72 hours SOY 
E1S3 October 21 15 UTC 69 hours SOY 
E1A1 October 21 09 UTC 75 hours ALFALFA 
E1A2 October 21 12 UTC 72 hours ALFALFA 
E1A3 October 21 15 UTC 69 hours ALFALFA 
E2 
E2S1 November 10 09 UTC 75 hours SOY 
E2S2 November 10 12 UTC 72 hours SOY 
E2S3 November 10 15 UTC 69 hours SOY 
E2A1 November 10 09 UTC 75 hours ALFALFA 
E2A2 November 10 12 UTC 72 hours ALFALFA 
E2A3 November 10 15 UTC 69 hours ALFALFA 
E3 
E3S1 November 20 21 UTC 63 hours SOY 
E3S2 November 21 00 UTC 60 hours SOY 
E3S3 November 21 03 UTC 57 hours SOY 
E3A1 November 20 21 UTC 63 hours ALFALFA 
E3A2 November 21 00 UTC 60 hours ALFALFA 
E3A3 November 21 03 UTC 57 hours ALFALFA 
 
conditions were obtained from the spun up NOAH20 simulations. Then the event-based 
simulations (Table 4.2) at 3-km resolution were performed using the ‘ndown’ capability of WRF 
over d02 (Figure 4.3) updating the lateral boundary conditions each hour. The results of only SON 
from WRF15 simulations were analyzed for this study. This ensures a long enough atmospheric 
spin up (on top of 20-years ‘offline’ spin up for soil moisture and groundwater) starting from the 
previous wet season (following S?̈?rensson and Berbery, 2015). The physical parameterizations 
(see Table A.4) were kept consistent with the WRF configuration of RELAMPAGO (Mulholland 
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et al. 2019), except the addition of Kain-Fritsch cumulus scheme for d01 to simulate the convective 
precipitation at 15 km. In this study, the KF scheme was called at 5 min intervals during the WRF 
integration, consistent with its application in the other studies (Dudhia 2012; Alsarraf and Broeke 
2015; Pal et al. 2019).   
    Event based WRF simulations were performed at 3 km with the initial and boundary conditions 
from the WRF15 simulations. The purpose of the high-resolution simulations was to realistically 
capture the storm structure, dynamics and precipitation at a convection permitting scale, without 
using a cumulus scheme. It is well established in the literature that convection-permitting 
simulations explicitly resolve the deep convection and better represent MCS characteristics 
(Weusthoff et al. 2010; Fosser et al. 2015; Prein et al. 2013; Prein et al. 2015; Kendon 2016). Three 
MCS events during RELAMPAGO were chosen based on the location and movement of the 
storms. We chose particular storms from the SON season of 2018 which moved west to east and 
produced precipitation in the east-northeast part of the domain. Our goal was to select MCSs that 
traversed the LUC region, thus maximizing the time and distance spent over different land surface 
conditions. The three events selected occurred on October 22 (E1), November 11 (E2), and 
November 22 (E3) of 2018. Each of these events was simulated in the SOY and ALFALFA 
scenario with three time-lagged ensemble members each. The purpose of the time-lagged 
ensembles was to derive an estimate of the magnitude of land surface changes on MCS 
characteristics, overcoming the effects of weather noise (internal variability). The details of the 
event based WRF simulations are listed in Table 4.2.  
4.2.6 Object-based precipitation tracking 
    To understand the impacts of LUC on the individual MCSs and their precipitation pattern, we 
apply an object-based precipitation tracking algorithm, which tracks the MCS and records the 
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location, speed, maximum rainfall, mean rainfall, and size with time. The tracking algorithm has 
been previously applied to identify MCSs in the U.S. (e.g., Poujol et al. 2020, Prein et al. 2021). 
It is based on identifying continuous precipitation areas that overlap in time and consists of three 
steps: 1) hourly precipitation fields are smoothed with a Gaussian smoother with a standard  
 
Figure 4.4 (a) Averaged depth of water table of SON 2018 as simulated by NOAH20_SOY. (b) difference in WTD 
between SOY and ALFALFA scenario after 20 years spin up. Hatching indicates differences statistically significant 
at 0.05 level according to two-tailed Student’s t-test. 
 
deviation of 30000. 2) The smoothed precipitation field is masked with all grid cells that exceed 8 
mm/h being set to one and all others are set to zero. 3) Grid cells in the masked array that are 
adjacent in space and time are identified as 3-dimensional objects (latitude × longitude × time). 
These objects are labeled as MCSs if they persist for more than 4-hours and contain a minimum 
of 100 grid cells.  
4.3 Results and discussion 
4.3.1 Uncoupled simulations 
    The calibration and validation of the uncoupled Noah-MP model at Marcos Juarez flux tower 
sites were performed in Chapter 3. Here we apply the same configuration of the land surface model 
to investigate the differences between SOY and ALFALFA scenarios in SESA. Figure 4.4 
illustrates the difference in mean SON water table depth between SOY and ALFALFA scenarios. 
NOAH20_SOY WTD was found to be realistic, with a shallower water table (0-5 m from surface) 
in eastern Argentina, part of Uruguay and Paraguay (lighter colors). Deeper water table (>5 m 
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from surface) exists in the mountainous regions of Andes and SEB (darker colors). The color bar 
of Figure 4.4a was intentionally created to compare the WTD pattern found in Fan et al. (2013) 
and our estimate was found similar to theirs (See their Fig. 3). In the ALFALFA scenario, the  
 
Figure 4.5 Differences in (a) mean soil moisture, (b) mean evapotranspiration and (c) mean sensible heat flux of SON 
2018 as estimated by NOAH20_SOY and NOAH20_ALFALFA. Hatching indicates differences statistically significant 
at 0.05 level according to two-tailed Student’s t-test. 
 
water table is deeper compared to SOY. The difference was found to be as large as 3.5 m - 5m in 
some parts of the domain (Figure 4.4b). This is consistent with previous studies which showed 
similar results either using models (Garcia et al. 2017b) or observations (Nosetto et al. 2015; Pal 
et al. 2021b). Shallower water tables in SOY can be attributed to less evapotranspiration and more 
recharge (Chapter 3). The areas (grid cells) where the changes were found statistically significant 
(at 95% level), are marked with black hatching in Figure 4.4b. Interestingly, some of the significant 
changes in WTD are non-local (where the land use was not modified, see Figure A.7), extending 
northwards along the shallow groundwater region. In the ALFALFA scenario, most of the areas 
have deeper water tables (blue colors), with some exceptions in mountainous regions (red colors). 
The non-local changes are likely attributable to lateral movement of groundwater in the MMF 
scheme. This type of non-local changes in WTD due to land use change has been highlighted in 
previous studies (Garcia et al. 2017b) but the exact mechanisms are beyond the scope of the current 
study.  
    Next, we analyze the effects on near-surface hydroclimate with the uncoupled simulations. 
Figure 4.5 illustrates the effects on SM, ET and SH. Top layer SM is higher in the SOY scenario 
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than in ALFALFA (Figure 4.5a). The magnitude of difference is higher and significant where the 
water table is shallow (Figure 4.4a). SON average ET was slightly higher in SOY than in 
ALFALFA in the regions of changed land use. However, non-local changes in WTD causes ET to 
increase in the corridor of shallow water tables and the differences are statistically significant 
(Figure 4.5b). SON average SH is higher in the SOY scenario (Figure 4.5c) at the regions of LUC. 
The decrease in SH in northern Argentina and Paraguay is the effect of the shallower water tables 
in SOY. Hence, the SOY scenario increased the sensible heat locally, whereas rising of WTD 
resulted in cooler and wetter areas non-locally at the locations with shallow water tables (Figure 
4.5b-c). The local changes are consistent with RELAMPAGO observations and past studies (Pal 
et al. 2021b), however, significant impact of WTD on these variables indicated the importance of 
subsurface-surface coupling of the hydrologic cycle in this region and motivates inclusion of 
groundwater dynamics in the land surface modeling chain. Critically, this region is considered a 
‘hot spot’ for L-A interaction and hence, significant changes in SM (due to land use change) can, 
in turn, affect the atmosphere and precipitation. To further investigate the impacts on the 
atmosphere, we analyze the WRF simulations.  
4.3.2 Evaluation of WRF simulations 
    The calibrated Noah-MP used in the previous section was coupled to WRF, to explore the effects 
of land surface changes on the atmosphere and also investigate the effects of atmospheric feedback. 
The model’s performance was evaluated in terms of the results obtained from the SOY scenario, 
since the land use condition is realistic and can be taken as our ‘control’ simulation. The goal is to 
validate the reliability of the simulations to realistically represent the hydroclimate of SESA before 
moving onto the sensitivity experiments. Figure 4.6 shows the 3-month mean temperature and 




Figure 4.6 Averaged 2-m temperature (top row) of SON 2018 estimated from different sources - (a) GHCN, (b) 
ERA5 and (c) WRF15_SOY. Averaged precipitation (bottom row) from different sources - (a) IMERG, (b) ERA5 and 
(c) WRF15_SOY. 
 
maps (top row) indicate similar spatial patterns from all the sources. Considering GHCN data as 
the benchmark, ERA5 accurately represents the magnitude and spatial pattern of temperature with 
the Andes region being the coldest and northern Argentina and Paraguay being the warmest. While 
ERA5 forced WRF15_SOY was able to reproduce the observed temperatures well, eastern 
Argentina has a slightly warm bias of ~1 K.  
    In case of precipitation, the discrepancies between the products are larger, revealing the 
difficulties to simulate precipitation over SESA by the coarse resolution models. ERA5 
underestimates precipitation over Paraguay and the Atlantic Ocean. On the other hand, 
WRF15_SOY overestimates mean precipitation over southeastern Brazil. This might be due to the 
K-F scheme used to parameterize convection at 15-km. The K-F scheme has five components 
including the trigger, updraft, downdraft, compensating circulation, and closure functions. The 




Figure 4.7 Differences in (a) mean soil moisture, (b) mean evapotranspiration, (c) mean sensible heat flux, (d) mean 
2-m temperature, (e) mean 2-m humidity, and (f) mean net radiation as estimated by WRF15_SOY and 
WRF15_ALFALFA. Hatching indicates differences statistically significant at 0.05 level according to two-tailed 
Student’s t-test. 
 
of horizontal resolution. In addition, the amount of temperature increment is higher for higher 
resolutions - which may also cause surplus precipitation (Tripathi and Dominguez, 2013). In the 
literature, the wet bias in coarse-resolution WRF is often reported at regions close to the outflow 
boundary of the domain. It is important to point out, however, given the inability of IMERG to 
capture precipitation over mountainous regions of SESA (Getirana et al. 2020; Nascimento et al. 
2021), it is difficult to benchmark any precipitation product in this region. The biases in simulating 
convective precipitation in the 15 km model motivated us to increase the model resolution further 
to 3-km for simulating the extreme MCS events (WRF3_SOY and WRF3_ALFALFA in Table 
4.2).  
4.3.3 Analysis of the WRF15 simulations  
    We investigate the impacts of SOY and ALFALFA scenarios on near-surface hydroclimate 
analyzing the WRF15 outputs. Unlike the uncoupled simulations, these results now include 
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atmospheric feedback on the hydrologic cycle. These simulations were initialized on Jan 1, 2018 
(initialized from spun up land surface condition of the NOAH20 simulations) and continued till  
 
Figure 4.8 Differences in mean SON 2018 precipitation as estimated from WRF15_SOY and WRF15_ALFALFA 
simulations. 
 
Dec 31, 2018. Figure 4.7a-c illustrates the differences in SM, ET and SH. In most of the domain, 
surface SM is higher in SOY, with few regions of slight decrease. Changes in most of the domain 
were statistically significant, which indicates the importance of agriculture in modulating SM in 
SESA. When compared to Figure 4.5a (where atmospheric feedback was not involved), the spatial 
pattern of changes is different. While the offline NOAH20 simulation results were dominated by 
WTD changes, now atmospheric feedbacks are involved as well. Figure 4.7b and 4.7c indicate a 
drier and warmer eastern Argentina, coinciding with the location of land use change. The non-
local changes shown in ET and SH in Figure 4.5b and 4.5c were minimized with the involvement 
of atmospheric feedback making the WTD effect less dominant.   
    Figure 4.7d-f illustrates the effects of SOY and ALFALFA scenarios on near-surface climate 
(4.7d-e) and net radiation. The warming (increase in 2-m temperature) and drying (decrease in 2-
m humidity) is clear from the plots. Critically, the change in land use from ALFALFA to SOY 
increased the local temperature > 1.2 K. The drying effect is also significant and locally reaches > 
25g/kg. There is a reduction in net surface radiation associated with the SOY scenario (though not 
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statistically significant anywhere in the domain). We can attribute this to the higher albedo of soy 
which increases the amount of reflected shortwave radiation. 
    These changes in the lower atmosphere in turn affect the thermodynamics and dynamics of the 
atmosphere of SESA, which alter precipitation. Changes in mean SON precipitation occurred 
domain wide (Figure 4.8). In fact, non-local changes dominate and regions with higher mean 
precipitation (northeast of the domain) experienced greater changes. We see less precipitation at 
the location of changed land use and partly higher precipitation north in Uruguay and SEB. 
Changes in land use were able to create a difference > 3mmday-1 in certain locations of the 
domain, although this includes the chaotic nature of atmospheric feedback due to the changes in 
the domain. Moreover, precipitation obtained from 15-km WRF simulations is not reliable for 
extreme precipitation. Hence, we perform additional event-based experiments at 3-km resolution 
(WRF3_SOY and WRF3_ALFALFA in Table 4.2) to understand the impact of different scenarios 
on extreme events.  
4.3.4 Analysis of event based WRF3 simulations  
    Three events during SON 2018 were selected based on their severity, location and trajectory. 
We chose the storms (E1-E3 in Table 4.2) that produced more than 120 mm accumulated 
precipitation each in ~ 3 days over LPB. The goal was to investigate the differences in dynamic 
and thermodynamic conditions for SOY and ALFALFA scenarios and their effects on surface 
precipitation during such extreme events. The three events had comparable amounts of 
precipitation but in different locations of SESA (Figure A.8). E1 MCS (Figure A.8a) originated in 
northern Argentina on October 22, moved towards the east as it grew, and dissipated after crossing 
Paraguay. E2 MCS (Figure A.8b) originated in central Argentina on November 10, moved towards 
the east and dissipated in Uruguay. This was the longest-lived storm during the RELAMPAGO 
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campaign, which lasted more than 36 hours after a re-intensification after 24 hours [mentioned in 
Trapp et al. (2020) and Schumacher et al. (2021)]. E3 MCS (Figure A.8c) originated in central 
Argentina on November 22, moved north-northeast and dissipated in Uruguay. We show the mean 
over a three-member ensemble of each event and scenario in sections 4.3.4.1. and 4.3.4.2. For 
example, the ensemble mean of the SOY scenario for event E1 is calculated as 
(E1S1+E1S2+E1S3)/3 (see Table 4.2 for the descriptions of the simulations).  
4.3.4.1 Atmospheric conditions before the events 
    Figures 4.9a-b (4.9c) show the near-surface atmospheric conditions in the SOY and ALFALFA 
scenario (and differences between the scenarios) before the E1 event. Figure 4.9a (SOY scenario) 
reveals the southward moisture advection at 850-hPa by lower-level winds through northern 
Argentina and high specific humidity reaching 33S. This increases the equivalent potential 
temperature (theta-e hereafter). Contours of the extreme high theta-e values (340 K) reach 28S. 
Figure 4.9b (ALFALFA scenario) depicts similar synoptic conditions. The differences between 
the two scenarios are shown in Figure 4.9c. We see changes in 10-m wind mainly over the region 
where land use was modified (eastern Argentina), while the larger changes in specific humidity 
and theta-e were non-local. Higher specific humidity and theta-e were seen in northeast Argentina, 
northwest Paraguay, and over parts of the Atlantic Ocean. Lower specific humidity and theta-e 
were seen over central Argentina and southeast Paraguay. 
     Conditions for event E2 (Figures 4.9d-f) are similar to E1(Figure 4.9a-c). Figure 4.9d illustrates 
southward transport of moisture up to central Argentina, reaching 36S by the 10-m winds. The 
extreme high-value contours (340 K) of theta-e during this event reached 32S in central Argentina, 
covered almost the entire Paraguay and southeastern Brazil, and also had an extending tongue 




Figure 4.9 Specific humidity (shaded) at 850 hPa, equivalent potential temperature (contoured) at 850 hPa, and 10-
m wind (vectors) during E1 (top row), E2 (middle row) and E3 (bottom row). (a), (d) and (g) are estimates from 
WRF3_SOY ensemble means; (b), (e), (h) are estimates from WRF3_ALFALFA ensemble means. (c), (f) and (i) are 
estimates of their differences (SOY-ALFALFA) where red (blue) colors indicate positive (negative) difference in 
specific humidity at 850 hPa, solid (dashed) black contours indicate positive (negative) difference in equivalent 
potential temperature at 850 hPa and green vectors are differences in wind magnitudes with direction. 
 
features with lesser extent of 340 K theta-e contours towards Uruguay. SOY - ALFALFA plots in 
Figure 4.9f illustrated higher values of specific humidity and theta-e in northern Argentina, and 
lower values in east-central Argentina. Both higher and lower values of these atmospheric 
conditions were found over the Atlantic Ocean. Higher changes in wind were mostly local.  
    Figures 4.9g-i shows a similar comparison as above but for the event E3. In this case, southward 
advection of moisture by the 10-m winds reach 30S (Figure 4.9g), similar to E1, but extending 
eastward into southeastern Brazil. The 340 K theta-e contours reached only 27 S. Figure 4.9h 
indicates similar synoptic conditions in specific humidity and theta-e only except in Paraguay and 
Atlantic Ocean, where significantly higher values were found in SOY. Figure 4.9i clearly portrays 




Figure 4.10 Accumulated precipitation (in mm) estimates from IMERG (a, d, g), WRF3_SOY ensemble mean (b, e, h) 
and the differences in precipitation (in mm) between WRF3_SOY ensemble mean and WRF3_ALFALFA ensemble 
mean (c, f, i) during E1 (top row), E2 (middle row) and E3 (bottom row).  
 
humidity in central Uruguay (north and central Argentina) and parts of the Atlantic Ocean. 
Significant changes in 10-m wind were local except for some higher values in the Atlantic Ocean.  
    In summary, southward advection of moisture and warm air through south American low-level 
jet (SALLJ) was present in all three events. This phenomenon is important to create 
thermodynamic condition for nocturnal convective events in SESA and has been pointed out is 
several studies (Saulo et al. 2004; Saulo et al. 2007; Rasmussen and Houze 2016; Giles et al. 2020; 
Pal et al. 2021a). This significantly increases the low-level theta-e values in the region where 
convection was initiated. The critical differences between the SOY and ALFALFA scenario are 
thermodynamic. Significant thermodynamic changes are observed in parts of the Atlantic Ocean 
as well.  
4.3.4.2 Event precipitation analysis 
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     Figure 4.10 presents the accumulated precipitation during the three events E1, E2 and E3 as 
obtained from the ensemble means. Figures 4.10a-b, 4.10d-e, and 4.10g-h indicate the ability of 
WRF3_SOY to realistically capture the accumulated precipitation from the observed events. 
Larger differences are seen in E2, which was the long-lived event with a complex dynamic 
evolution (Trapp et al. 2020). However, it is worth mentioning that IMERG itself has biases in 
representing the actual amount and location of rainfall in SESA (Getirana et al. 2020). 
Furthermore, our primary goal is to investigate the differences in precipitation between the SOY 
and ALFALFA scenarios. Figure 4.10c suggests an increase and decrease in precipitation in the 
SOY scenario over parts of northern Argentina, Paraguay and SEB but the signal is quite noisy. 
Figure 4.10f indicates an increase in precipitation towards the outer of the total rain shaded area 
and decrease in precipitation towards the center, when the SOY scenario was used. Figure 4.10i 
depicts an increase in most of the grid cells in the SOY simulation compared to ALFALFA. 
Overall, the spatial plot of differences in precipitation is noisy due to displacements in the location 
of the storms and does not provide a clear signal in terms of how and where the changes in land 
use might affect the extreme rainfall in this region.  
    To further analyze the effects of the SOY and ALFALFA scenario, we implement an object-
based precipitation tracking approach (section 4.2.6; Poujol et al. 2020; Prein et al. 2021). We 
compare the size, speed, mean and maximum hourly precipitation from each storm for SOY and 
ALFALFA scenarios for each ensemble member. Additionally, the ensemble mean helps to 
understand if the land use change effects are systematic and exceeds uncertainties stemming from 
the initial conditions.  
    Simulated E1 MCS was significantly larger in the SOY scenario as compared to ALFALFA 




Figure 4.11 MCS size, speed, hourly mean rain and hourly peak rain as estimated from WRF3 simulations and object-
based precipitation tracking in Event 1 (top row), Event 2 (middle row) and Event 3 (bottom row). The three ensemble 
members of each scenario (for each event) are shown with thin lines, in gray color for SOY and in green color for 
ALFALFA. The ensemble mean is indicated in thick gray and green lines, for SOY and ALFALFA scenarios, 
respectively. 
 
mean precipitation area in SOY was 120,000 km2, it was 100,000 km2 in the ALFALFA scenario. 
The speed was comparable for the two scenarios with ~60 kmh-1 during the early stage and ~40 
kmh-1 at the decay (Figure 4.11b). The mean precipitation from the MCS was higher in SOY than 
in ALFALFA throughout the simulation with a difference of 2-3 mmh-1 (Figure 4.11c). The peak 
rainfall from the two scenarios were comparable with precipitation rate reaching ~120 mm h-1 in 




    During E2, the MCS re-intensified after 24 hours (Figure 4.11e). The size of the MCSs were 
larger in the SOY scenario. During the first day, the precipitation area from the storm reached the 
size of 80,000 (60,000) km2 in the SOY (ALFALFA) and during the second day it reached the size  
 
Figure 4.12 Probability distribution of the MCS characteristics - (a) MCS size (b) MCS mean precipitation, (c) 
MCS peak precipitation, and (d) MCS speed as simulated by WRF3_SOY and WRF3_ALFALFA ensembles during 
E1, E2 and E3. The vertical lines indicate the mean values for each scenario.  
 
of 70,000 (65,000) km2 in the SOY (ALFALFA) scenario. Similar to E1, the MCS speed was 
comparable between the scenarios and it gradually decreased from ~ 60 kmh-1 in the beginning to 
~25kmh-1 towards the end (Figure 4.11f). The mean hourly rain rate was higher in the ALFALFA 
scenario for most of the MCS lifetime (Figure 4.11g). The hourly peak rainfall was comparable in 
both the scenarios and it reached a maximum value of ~150 mmh-1 during the second day, during 
the hours of most intense precipitation, the soy simulation had higher values. 
    During E3, the MCS was larger than in other cases and the center of mass exited the domain 
before the MCS decayed (Figure 4.11i). Consistent with other cases, the size of MCS was larger 
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(~200000km2) in SOY than in the ALFALFA scenario (~150000km2). The MCS speed was higher 
in the SOY simulation most of the time during the simulation, except the 8th-10th hour of simulation 
(Figure 4.11j).  The mean rainfall rate was comparable between the two scenarios (Figure 4.11k). 
Also, the maximum rainfall rate was similar and reached a maximum value of ~125mmh-1 in both 
cases, except towards the end, when peak precipitation rate in SOY was higher than ALFALFA 
(Figure 4.11l).  
    Probability distributions were calculated and plotted (Figure 4.12) using simulated MCS 
characteristics (size, speed and rainfall rates) considering all the ensemble members from all three 
events. Overall, we found a clear signal that the precipitation areas of storms are larger in the SOY 
scenario than in ALFALFA (Figure 4.12a). This might be associated with the relatively higher 
convective available potential energy (CAPE), precipitable water and integrated vapor transport 
during the WRF3 simulated events with the SOY scenario (Figure A.9-11). MCS speed, mean 
rainfall rate and peak rainfall rate were often comparable between the two scenarios. However, a 
slight increase in MCS speed (Figure 4.12b), decrease in mean precipitation (Figure 4.12c), and 
increase in extreme precipitation (Figure 4.12d) was found from the probability distributions. We 
found clear indications of larger storm size and higher total rainfall volume during any convective 
event in the SOY scenario, when compared to ALFALFA. These results indicate that the 
agricultural activity might have caused an increase in the size and heavy precipitation from 
convective events. There is also some evidence that peak precipitation rate is higher in the SOY 
simulations. These can partially explain the reported increasing trend in extreme precipitation 
intensity and extreme indices in this area (see section 4.1) over the past 50 years when land use 
has significantly changed from rangeland and pasture to soy. 
4.4 Conclusions  
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    Land use has significantly changed over the past few decades in SESA. Especially, there has 
been a ~175% increase in cropland (primarily soy) since the 1970s, majorly by replacing the 
perennial crops and rangelands. In concert, this region experiences some of the most severe 
convection in the world. It is also a ‘hotspot’ for L-A interactions. To investigate how the land use 
change in this area can potentially impact the near surface, overlying atmosphere, and convective 
precipitation, we construct a suite of modeling experiments at various resolutions. We use both 
‘uncoupled’ and ‘coupled’ models to disentangle the effects of only the land surface from the 
effects that include atmospheric feedback.  
    Chapter 3 of this dissertation combined RELAMPAGO observations and a calibrated Noah-MP 
model to understand the differences in the subsurface/surface and atmospheric conditions over a 
soy crop site and an alfalfa crop (Pal et al. 2021b). In this chapter, we extended the analysis to the 
regional scale and construct two idealized land use conditions SOY and ALFALFA, representing 
the current condition and historic pastureland condition, respectively. All soy (cropland) grid cells 
of SOY were replaced by alfalfa in the ALFALFA scenario. The Noah-MP land surface model 
with a groundwater scheme was used as the ‘uncoupled’ model and it was further used as the land 
surface model in the WRF atmospheric model to construct the ‘coupled’ modeling system. The 
uncoupled model was run with prescribed GLDAS forcing for the period 2018 January-December, 
with a prior spin up of 20 years at 20-km resolution. WRF long-term simulations were performed 
at 15-km resolution and event-based simulations at 3-km resolution. 
    The uncoupled model runs reveal that the SOY scenario has a domain-wide shallower water 
table, higher top-layer soil moisture, less ET and more sensible heat flux in SON 2018. In contrast, 
ALFALFA scenario has a deeper water table, lower top-layer soil moisture, more ET and less SH. 
The non-local effects are dominated by the shallow water table that likely arises due to lateral 
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groundwater flow. Quantifying the extent of non-local changes in WTD could be critical for 
farmers in deciding the suitable extent of agricultural area to strategically minimize the associated 
impact on the WTD. Coupled model simulations (WRF15) were validated against station-based 
temperature and precipitation data. WRF15_SOY shows realistic temperature patterns over SESA, 
while precipitation shows biases when compared to IMERG or ERA5 estimates. WRF15 
simulations indicate locally less ET, more SH, more T2m, less Q2m, and more Rn in the SOY 
scenario, when compared to ALFALFA. 
    To further assess the effects of the SOY and ALFALFA scenario on extreme precipitation, we 
selected three events during SON 2018 and they were simulated in WRF3 (3km resolution) 
configuration with SOY and ALFALFA conditions. Each event was simulated three times (three 
time-lagged ensemble members) in each scenario. WRF3 simulations confirm the influence of 
SALLJ on the events bringing warm air and moisture towards the storm initiation location. 
Differences between the SOY and the ALFALFA simulations reveal the local effects on low-level 
wind and non-local effects on specific humidity and theta-e. However, the accumulated 
precipitation differences were noisy and lacked a clear signal. 
    We used an object-based precipitation tracking method to track each MCS during the events. 
This method reveals that the MCS sizes (precipitation area) in SOY simulations are larger than in 
the ALFALFA scenario. We hypothesize that the larger low-level moisture content in the SOY 
scenario allows MCSs to grow faster and over an extended period of time. However, future 
analyses are needed to better understand the causes of these changes. Storm speed, and average 
hourly rainfall was comparable for the two scenarios. Peak hourly rainfall during some periods 
showed slightly higher values in the SOY simulations. Additionally, the larger size of the storms 
indicates more heavy rainfall in the SOY than the ALFALFA scenario. This likely contributes to 
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the observed increasing trend in extreme rainfall indices over SESA. Critically, we show the 
influence of land surface and land use change on the changes in near-surface climate and 
precipitation, which is critical to understand in current days when agricultural practice and human-






















CHAPTER 5: SUMMARY 
    In the previous three chapters, I examined different aspects of hydrometeorology and 
hydroclimatology of SESA in the context of short-term impacts and long-term feedback associated 
with land use and land cover change. Each of them has implications for improving our 
understanding of L-A interactions and improving future projections by proper incorporation of 
land surface characteristics in an Earth system modeling framework. This chapter provides a brief 
summary of the study, obtained results, limitations, and suggestions for possible future 
advancements. 
    Chapter 2: The mountainous regions of west central Argentina experiences some of the world’s 
most severe and frequent deep organized convections. As a part of the hydrometeorological 
component of the RELAMPAGO field campaign, streamflow observations were successfully 
collected with the help of weather forecasters and real-time radar observations. Hydrologists 
working together with the forecasters and atmospheric modelers made it possible to identify the 
watersheds with the highest probability of rainfall and deploy the instruments accordingly. This is 
an important example for future hydrometeorological field campaigns. The stage-discharge curves, 
generated from the observations, are currently being used by water managers in this region to 
generate continuous estimates of streamflow in the rivers. The times to peak at the concerned river 
locations were found to be 5-6 h, which can be critical in creating an early warning system. 
However, the LSPIV technique used to measure streamflow during the high flows has some 
limitations when compared to the conventional ADCP. The technique is still under constant 
development with the help of USGS (Patalano et al. 2017). Nonetheless, it allowed us to safely 
measure the extreme streamflow during the campaign. The stage-discharge curves can be further 
improved in future with more sampling of extreme events. 
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    The modeling exercises suggested that regional atmospheric data assimilation in an ensemble 
framework provides the best sub-daily probabilistic hydrologic prediction at a sub-daily scale. 
There are several ways to further improve the simulations – 1) include realistic model parameters 
(such as channel roughness, channel slope, soil parameters), which can reduce the uncertainties 
and bypass the reliability on calibration. It is important to accept the limited ability of model 
calibration (especially for physics-based distributed models) to match the observations (Gupta et 
al. 1998; Gupta et al. 1999). 2) direct application of hydrologic data assimilation, along with the 
atmospheric data assimilation (Rakovec et al. 2012; Tao et al. 2016), 3) application of ‘coupled’ 
hydrologic-atmospheric modeling to include the L-A feedbacks when necessary. This kind of 
modeling is relatively new but has already showed promising improvements in predicting the water 
cycle by accounting for the lateral movement of terrestrial moisture (Lahmers et al. 2020).  
    Chapter 3: In this chapter, we used flux tower observations from RELAMPAGO and land-
surface modeling to investigate how the land cover affects the sub-surface, surface and 
atmospheric fluxes of moisture and energy. Results indicate that the observed increases in 
streamflow and decreases in WTD in the flat agricultural regions of SESA are linked to the 
pronounced shifts in land use from pastureland to crop. One major limitation in the observations 
and subsequent conclusions lies in the fact that the alfalfa site was a test plot. Moreover, we 
assumed that site to be a representation of the historic condition.  
    There are several ways to improve the land surface modeling implemented in this part. For 
example, inclusion of realistic aquifer properties (e.g. specific yield), and sophisticated 
groundwater modeling [such as MODFLOW (Langevin et al. 2021)] can ensure realistic 
simulations of WTD. We used idealized alfalfa and soy conditions to represent historic and current 
land use types, however, the reality is a mixture of different crops. Future studies could incorporate 
102 
 
a more realistic representation of historical land use change. We provided our best model estimate 
based on calibration of model parameters; however, the model physics can be improved as well.  
For example, inclusion of canopy processes like hydraulic redistribution and dynamic root with 
realistic root distribution can improve the estimates of evaporation (Amenu and Kumar 2008).  
    Chapter 4: In this chapter, both uncoupled land model and coupled atmospheric model 
simulations were performed with idealized soy (current) and alfalfa (historic) conditions in SESA. 
The soy conditions revealed a shallower water table, increased soil moisture, higher near-surface 
temperature, lower humidity, and reduced net radiation. Additionally, high-resolution ensemble 
coupled WRF simulations were performed to simulate three extreme hydrometeorological events 
during spring 2018. The simulated MCSs were significantly larger and produced heavier 
precipitation under current land use conditions. This highlights the potential of land use changes 
to modify organized deep convective storms and extreme precipitation in SESA. 
    Further investigation is required to understand the mechanisms by which the storms are larger 
in the current soy scenario. It is also important to understand if the frequency of extreme events is 
increasing. Where we were able to comment on the intensity and duration of the MCSs from the 
event-based simulations, analysis of frequency will require long-term simulations. 
    Overall, significant insights into the regional hydrometeorology and hydroclimatology were 
provided in this dissertation. SESA is a natural laboratory of this kind of research with interesting 
aspects of L-A interactions. The RELAMPAGO field campaign helped us to obtain a significant 
amount of observational data set. In addition, SESA has many similarities with the Great Plains of 
the United States in terms of the importance of L-A interactions, the initiation and upscale growth 
of MCSs, and the importance of low-level jet moisture transport. Hence, the improved 
103 
 
understanding of hydrometeorology and hydroclimatology can be beneficial at a much broader 
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APPENDIX: SUPPLEMENTARY MATERIALS 
 
 
Figure A.1 Thirteen (nine from MAGYA and four from NCAR RAL) Rain gauges on the Rio Tercero basin used in 





Figure A.2 WRF Domain used for forecast purposes during RELAMPAGO. The terrain height in meters is the 

















Figure A.4 Average rain rate (mm/hr) during the full event (48 hours) calculated from (a) Rain gauges and (b) 




Table A.1 WRF configuration used for forecasting in RELAMPAGO. The domain consists of 375 (N-S) x 550 (E-W) 
grid points. 
 
 Specification Reference (if necessary) 
Horizontal grid spacing 3 km  
Vertical Model levels 40  
PBL scheme YSU Hong et al. 2006 
Microphysics Thompson 7-class Thompson et al. 2008 
Radiation RRTMG Iacono et al. 2008 
Land Surface Model Noah-MP Niu et al. 2011 





Figure A.5 Sequential Mann Kendall test performed to detect the approximate beginning of a significant trend in 
the annual streamflow data at Andino. The progressive and the progressive and retrograde series intersect at the 
year 2000 indicating a possible beginning of significant trend.   
 
Figure A.6 Monthly mean anomalies in water table depth in Marcos Juarez, Argentina as estimated from GRACE 
Center for Space Research at University of Texas, Austin (GRACE CSR), GRACE Jet Propulsion Laboratory 















Table A.2 Soil layer structure used in Noah-MP. dz = depth of layer, zcenter = depth of layer mid-point, zbot = 
depth of layer bottom. 
 
 
layer dz(cm) zcenter(m) zbot(m) 
1 5 0.025 0.05 
2 5 0.075 0.1 
3 10 0.15 0.2 
4 10 0.25 0.3 
5 10 0.35 0.4 
6 20 0.5 0.6 
7 20 0.7 0.8 
8 20 0.9 1 
9 50 1.25 1.5 
10 50 1.75 2 
11 50 2.25 2.5 
12 50 2.75 3 
13 50 3.25 3.5 


















Figure A.8 Ensemble mean tracks of the MCSs as simulated in WRF3_SOY and WRF3_ALFALFA simulations 




Figure A.9 Differences in (a) IVT (b) CAPE (c) CIN (d) LCL (e) LFC, and (f) PW between the ensemble mean of 
WRF3_SOY and WRF3_ALFALFA simulations during E1. IVT = integrated vapor transport, CAPE = convective 
available potential energy, CIN = convective inhibition, LCL = lifting condensation level, LFC = level of free 










Figure A.11 Same as the Figures A.9 and A.10, but for E3. 
 
Table A.3 Key differences in SOY and ALFALFA scenario in terms of Noah-MP parameters 
 
Noah-MP parameter SOY ALFALFA 
VMAX 132.425 136.734 
BP 1580.63 2041 
MP 6.89 5.95 
Leaf Area Climatology see Figure 3.3b see Figure 3.3b 
Root Depth climatology see Figure 3.3c see Figure 3.3c 
Surface albedo (%) 22 20 




Table A.4 WRF model configuration used in the study 
 
 Specification Reference (if necessary) 
Horizontal grid spacing 15km (d01); 3 km (d02)  
Vertical Model levels 60  
PBL scheme YSU Hong et al. 2006 
Microphysics Thompson 7-class Thompson et al. 2008 
Radiation RRTMG Iacono et al. 2008 
Land Surface Model Noah-MP Niu et al. 2011 
Cumulus scheme Kain-Fritsch (d01); none 
(d02) 
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